University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2012

Terahertz Applications in Medicine, the
Environment and Optics
Elise Maree Pogson
University of Wollongong

Recommended Citation
Pogson, Elise Maree, Terahertz Applications in Medicine, the Environment and Optics, Doctor of Philosophy thesis, Institute for
Superconducting and Electronic Materials Centre for Medical Radiation Physics, University of Wollongong, 2012.
http://ro.uow.edu.au/theses/3819

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

Terahertz Applications in Medicine, the
Environment and Optics
by

Elise Maree Pogson, BMedRadPhysAdv(Hons)

A thesis submitted in fulfillment of the requirements for the award of the degree

Doctor of Philosophy

from the

Institute for Superconducting and Electronic Materials
Centre for Medical Radiation Physics
University of Wollongong

2012

Supervisors: Professor Roger Lewis, Professor Peter Metcalfe

Thesis Certification
I, Elise Maree Pogson, declare that this thesis, submitted in fulfillment of the
requirements for the degree of Doctor of Philosophy with the Institute for
Superconducting and Electronic Materials and the Centre for Medical Radiation Physics,
University of Wollongong, is entirely my own work except where otherwise references
and/or acknowledged. This work has not been previously submitted for qualifications at
any other academic institution.

Elise Maree Pogson,
24th of August, 2012

i

Abstract
Current and future applications for Terahertz (1012 Hz) have been obtained from within
the existing literature. Terahertz spectroscopy techniques and analysis tools for; Terahertz
Time Domain Spectroscopy (THz-TDS), Continuous Wave (CW) Spectroscopy, and
Terahertz Imaging, have been developed to explore optical, environmental and medical
applications. Two Nematic Liquid crystals have been characterised for future optical
applications. Fiber Drawn metamaterials have also been explored using THz-TDS and
CW spectroscopy for their optical applications.

Spectroscopy differentiated various

Biochars and sought their possible constituents to aid in enhancing soil fertility. The use
of Terahertz spectroscopy in radiation dosimetry using two detection methods: Film and
radiosensitive gel, were found to not be feasible. Various x-ray and Terahertz imaging
systems have been compared.

Nematic Liquid crystals, E7 and K15, optical properties have been investigated by THzTDS. The birefringence of K15 was found to be 0.103 ± 0.004, whilst E7 was 0.144 ±
0.004 between (0.15-1.00) THz.

Spectroscopy has been used to characterise Fiber Drawn Metamaterials. Fiber Drawn
metamaterials were shown to have resonances between (0.1-0.4) THz at their
theoretically established frequency under Transverse Magnetic polarisation. This
resonance may be tailored by selecting the appropriate orientation of the slotted
resonators in the spooling production process. The resonance frequency may also be
increased by increasing the incident angle for longitudinally invariant metamaterials. This
shift in frequency to higher frequencies due to an increase in incident angle may be
overcome by patterning. Both sputtered and direct fiber drawn metamaterials were shown
to have negative magnetic permeability in the Terahertz region, with negative effective
permeability near the resonance frequency. Stacking and drawing of two dimensional
direct drawn metamaterials resulted in 3 dimensional layered structures with magnetic
resonances. The resonances increase with increasing layers and care must be taken to
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keep Bragg peaks from interfering with this resonance. These three dimensional
structures may be extended into development of sub-wavelength waveguides.

Biochar has been analysed by THz-TDS which can discriminate between Biochar types
to aid in field detection, from their absorption and refractive index differences. BMC5
Biochar has the same index of refraction (N=1.29) as its constituents of dried chicken
manure and Saligna Biochar. Terahertz frequency “fingerprints” may be used to
determine Biochars constituents from pelletised samples if a quantitative analysis is
performed. This is a complex structure and any insight into its mechanics is highly sought
after. THz-TDS cannot distinguish between chemically treated Biochar, or thermal and
biological prepared Biochars compared to unprepared Biochars.

THz-TDS has been explored in radiation dosimetry, to better understand dosimeters
(Film and radiosensitive gel) and in an attempt to determine if THz techniques could be
used for dosimetry readout. Terahertz radiation could not establish the dose of EBT2
Gafchromic Film or PAGAT gel. The only possible application from this is a dual
THz/X-ray system as the Terahertz radiation cannot read out the Film but does have a
negligible effect.

Terahertz imaging has been explored on both broadband and CW systems, and directly
compared to X-rays. The literature has established that Terahertz radiation has many
advantages over other frequencies, some examples include having less scatter than higher
frequencies, being non-ionising and non-destructive. The same test phantom has been
used to determine X-ray On-Board Imager and Terahertz Broadband Confocal Imaged
resolutions of 1.25 lp/mm and 0.56 lp/mm respectively. X-rays have a higher spatial
resolution than the Terahertz techniques used here. X-rays and THz have different
contrast mechanisms. Despite the resolution difference Terahertz radiation may image
lower atomic number samples better than X-rays, including water and plastics. Terahertz
imaging applications include security screening, medical imaging and material imaging
for quality assurance.
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1. INTRODUCTION
This work aims to establish the various applications of Terahertz radiation and build
upon these possibilities. Currently established applications include: medical imaging
for dental caries assessment, security and materials screening, cancer delineation,
spectroscopy, material characterisation and technological development. Further
details may be found in Chapter 2, the literature review. The scope of this project is
broad and has been focused to assess more medical and solid state samples. Initially
spectroscopy techniques are introduced and the methods/analysis techniques used
throughout this thesis stated in Chapters 3 and 4. Later chapters will focus on an
optical, environmental or medical application. In Chapter 5 and Chapter 6
respectively, liquid crystals and fiber drawn metamaterials are characterised for use
as future optical devices. Biochar is explored using spectroscopy in Chapter 7 to aid
in environmental applications. Terahertz imaging is compared with x-ray imaging in
Chapter 8. Finally the possible role of Terahertz spectroscopy in medical radiation
dosimetry is explored in Chapter 9. A summary of the potential role of Terahertz
radiation is expounded in Chapter 10.

Liquid crystals are an exciting research area, with the possibility of exploiting their
birefringence in the Terahertz range for Terahertz devices. The birefringence of two
liquid crystals K15 and E7 will be assessed using Terahertz Time Domain
Spectroscopy. This will provide information upon which material has the largest
birefringence and most suitable loss and is hence the most suitable for device
applications such as Terahertz phase shifter and Terahertz quarter wave plates. The
literature has shown major discrepancies with these samples, showing a linear
increase with frequency between 0.2 and 0.8 THz [1]. The validity of this will be
explored.

Metamaterials produced from the novel technique of direct fiber drawing will have
their resonant frequencies explored. This may then be compared to simulated results
to see if they correlate or whether there is a defect in the sample. The properties of
1

these metamaterials will be measured with special interest paid to whether or not
they have a negative refractive index. The scalability of the resonances, best
technique to use for production and layered samples shall also be researched. If
resonances occur where they are expected, mass produced less expensive
metamaterials may become available for a myriad of new devices.

The question of whether or not Terahertz radiation has a role in the environment will
be answered. Biochar has potential to sequester carbon, help crops grow and produce
faster yields significantly aiding third world countries. Biochar is a carbon-rich solid
material produced by heating biomass in an oxygen-limited environment. Biochar
will be explored using THz-TDS in transmission to ascertain if it may distinguish
different Biochar types. A technique to do this cheaply is currently being sought.
THz-TDS may also reveal structural information about the Biochar and what
constituents make up these complex compounds. Known samples will be explored
along with samples of constituents towards this purpose. Any treatment process such
as chemical or heating will be investigated. This will be shown to have a measurable
effect on the Terahertz signature or not.

Terahertz imaging will be performed and compared to X-rays to determine a direct
comparison on various items. This aims to determine which modality is best suited
for different applications such as security screening, medical imaging for bone or
soft tissue and for quality assurance.

Medical physics dosimetry is an interesting area of which Terahertz frequency
research has not yet been heavily involved in. THz-TDS will be used to determine if
Terahertz radiation may read out radiation doses of EBT2 Gafchromic Film or
PAGAT dosimetric gels. Terahertz radiation may be better for reading out
dosimetric gels due to its lower scattering rate than current methods.

An introduction to Terahertz spectroscopy and imaging is given in Chapter 2. The
methods, equipment and analysis used are outlined in Chapter 3 for thick samples
2

and Chapter 4 for thin or complicated samples. Spectroscopy explores nematic liquid
crystals in Chapter 5, fiber drawn metamaterials in Chapter 6, and Biochar in
Chapter 7. Terahertz imaging is compared to x-rays in Chapter 8. Chapter 9 explores
the possibility of using Terahertz spectroscopy in medical radiation dosimetry. This
is all combined in Chapter 10, the summary.
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2. LITERATURE REVIEW
2.1 What is Terahertz radiation?
The Terahertz region is the region lying between the millimeter and infrared regions
of the electromagnetic spectrum [2]. Main sources of Terahertz radiation are
molecular rotations, low frequency bond rotations, crystalline phonon vibrations,
hydrogen bonding stretches and torsions [3]. Terahertz (THz) waves, usually defined
with a frequency range of 0.1–10 THz, are also termed ‘T-rays’ [4-7] and were a
previously untapped region of the electromagnetic spectrum. This was due to a lack
of suitable sources and detectors. Advances in semiconductor technology in the past
15 years have opened up many new opportunities for Terahertz research. Terahertz
is a non ionising radiation [8] meaning Terahertz radiation has an advantage over
most other ionising imaging modalities commonly used today such as PET, MRI,
planar x-rays and x-ray CT scans. Another advantage over these modalities and ultra
sound is its ability to acquire unique spectral information which can potentially be
used to distinguish between tissue types [9]. Terahertz imaging also has the benefit
of less scattering than Infra Red as it has a longer wavelength. One of the limits of
Terahertz radiation in imaging is its resolution of 0.3 mm, when sub-wavelength
techniques are not in use, for a frequency of 1 THz [10]. The resolution can be
improved by operating at higher frequencies or by other techniques such as working
in the optical near field. Terahertz images offer the possibility of providing
information from deeper structures than currently available to the pathologist from
stained slides [5] and hence one possible use is tumor margin definition. Axially and
three dimensional images can be formed using the amplitude and phase information
garnered from transmission and reflection.

Transmission and reflection are the two modes of Terahertz imaging and
spectroscopy, simply referring to whether the detector is placed behind or in front of
the sample being imaged respectively. Transmission is very useful in determining
basic tissue properties such as the refractive index and absorption coefficient [11].
Transmission THz-TDS or imaging generates a spectrum in the time domain which
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may then be used to obtain absorption images, time of flight or may be converted
into a spectrum in the frequency domain [11]. Tissue size is an issue that must be
considered when choosing a system i.e. if sample is too thick transmission won’t
work. Transmissions applications are primarily in vitro with reflection having
potential in vivo applications [12]. For example reflection also has the ability to
detect early caries [11], and is a plausible option for in vivo imaging.

2.1.1 Generation of Terahertz Radiation
Terahertz radiation is generated by lasers, non-linear optics and electronics. These
produce Terahertz radiation of various wavelengths either pulsed or continuous
wave (CW) [10]. Electronic sources include Backward Wave Oscillators (BWO) and
super-lattice electronic devices. These are extensions of high frequency electronics
and as such only operate at the microwave end of the Terahertz region [12].
Photonic sources include lasers, Photoconductive Dipole Antennas, and devices
using optical mixing. These photonic sources have been omnipresent in medical
applications. The two most widely used methods for Terahertz range generation are:
the oldest photoconductive emitters [13] and secondly optical rectification. These
are both based on ultra-short pulses from titanium-sapphire lasers.

Photoconductive emitters will now be explained. The titanium-sapphire laser of
photon energy 800 nm (higher than the band-gap of the semiconductor) generates
electron-hole carriers in a biased semiconductor (photoconductive antenna). The
semiconductor used is generally LT-GaAs. The bias (of approximately 40 V for
Titanium-sapphire lasers or 1 kV for amplified Ti:Saphire lasers) accelerates the
carriers which leads to the generation of an electromagnetic pulse as expected by
Maxwell’s Equations. This is displayed diagrammatically in Figure 1.
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Figure 1. Terahertz range generation using a photoconductive switch. Adapted from [3].

The Terahertz pulse is due to transient screening of the bias field by photo-injected
charge [3]. This type of source can yield a bandwidth up to 5 THz and is generally
used with an oscillator only system [13]. The limitations of this source are the
response time of the semiconductor material used and the pulse width of the
excitation laser. The femtosecond Terahertz pulse that is emitted is then collimated
by crystalline quartz or silicon hyper-hemispherical lens and an off-axis paraboloidal
mirror. The Terahertz pulses generated by photoconductive emitters have power
levels on average in the order of nano-watts, with the peak power being orders of
magnitudes higher. The bandwidth of the pulse is mainly limited by how quick the
charge carriers can accelerate rather than the laser pulse duration.
As aforementioned, optical rectification utilizes an ultra-short laser pulse, mainly
amplified titanium-sapphire lasers. The intense pulse is incident upon a nonlinear
medium; a transparent crystalline material such as Zinc Telluride (ZnTe), Gallium
Arsenide (GaAs), Gallium Phosphide (GaP), Indium Phosphide (InP) or Gallium
Selenide (GaSe). The crystal is quickly polarized electrically at high optical
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intensities. The mixing of different frequency components from the laser produces a
beating polarisation. This change in electrical polarisation emits Terahertz radiation.
The duration of the laser pulse, absorption and thickness of the crystal, and
mismatch of propagation speed between the laser and Terahertz pulse within the
crystal all limit the bandwidth of the pulse. This technique enables the generated
frequencies to be boosted to higher than 40 THz. Generation by Optical
Rectification is a popular choice with amplified lasers [13]. Optical rectification
relies on the non-linearity’s in the electric susceptibility of a materials and is the
only mechanism observed when materials are pumped below their bandgaps [14].

Transient currents are another mechanism of Terahertz emission that occurs in the
absence of an external biasing field due to transient currents at the semiconductor
surface. This may be from surge generation (from surface depletion fields) or a
transient Photo-Dember field arising from differences in diffusion rates between
photogenerated electrons and holes [14]. GaAs and InP semiconductors when
pumped by 790 nm are expected to produce Terahertz radiation mainly via surface
depletion fields, whereas in InAs the mechanism is the Photo-Dember effect.

Other Methods of generation include pin diodes or planar antennas, lithium niobate
based sources (small powers with high spectral resolution), synchrotrons, free
electron

lasers,

transceivers

(same

transmitter

and

receiver

based

on

photoconductive antennas) laser-generated plasmas and large aperture antennas for
amplified lasers. A detailed account of their workings and physical principles is
given in [13]. Each of these has their own advantages and disadvantages such as in
synchrotron sources.

The use of synchrotron sources seems currently limited due to their high cost, large
volume and high power. Synchrotrons and free electron lasers can generate short
pulses of far-infrared radiation, typically on the order of 5-10 pico- seconds [13].
The use of these gives powers of 20 W of Terahertz radiation whereas normal
sources used in medical applications are around 1 mW. The advantage of this source
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is broad tunability and high power. However low power with better SNR is
preferable to simply having large power [3].

Photomixing of two continuous wave (CW) frequency Lasers of different
frequencies (with the same polarisation) allows the generation of continuous wave
Terahertz radiation. Benefits of photomixing are that it is tunable over 300 GHz to 3
THz with achievable spectral resolutions of around 1 MHz. Also systems such as
photomixing, based on photoconductive equipment which is relatively cheap, means
future production in this field is expected.

Quantum Cascade Lasers are a relatively new technology (1994) which can be used
to produce Terahertz radiation and has been discussed in the literature. Terahertz
lasers have previously been built with technologies such as the p-Germanium
oscillator in 2000 however this was unsatisfactory as it doesn’t operate in CW mode
and only operates at low temperature i.e. 2 K [10]. These new cascade lasers based
on GaAs-AlGaAs hetero-structures produce output powers of tens of milliwatts in
CW mode. This mode used optical pumping instead of the bulky femtosecond laser
meaning it can be portable [15]. Benefits of this mode include good signal to noise
ratio and small size. However research into cooling to allow use in the small
Terahertz region (less than its current 2 THz limit [3]) is needed. This would be ideal
in medical screening applications as the tumor to normal tissue discrimination is
better at lower Terahertz frequencies.

2.1.3 Detection methods
Free

space

electro-optic

sampling,

photoconductive

receivers,

bolometric

measurement and single shot detection are all good detection methods. The main
obstacle to detecting T-rays is blackbody radiation at room temperatures. This has
been overcome by cooling by the use of things such as helium cooled bolometers.
Cooled bolometers are desensitised to ambient temperature and registers only the
heating effect of the Terahertz radiation [10]. The bolometer registers only incident
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amplitude however by using a pump–probe set-up full coherent signals may be
acquired. The pump–probe technique is used in pulsed Terahertz systems which will
be discussed in section 2.2.3. These are those systems based on photoconductive
antennae, optical rectification emitters and electro-optic detectors [10].

Photoconductive dipole antennas (PDAs) can be used in detection of Terahertz
radiation in pulsed Terahertz modes by having the pump and probe beams incident
on it. The photoconductive antennas have been discussed above for generation but
are also used for detection.

Electro-Optic detection as with optical rectification relies on the non-linearities and
the susceptibilities in detector crystals. For anisotropic materials a birefringence can
be induced within the crystal with a Terahertz electric field [14]. The induced
birefringence is in proportion to the Terahertz electric field. This may be measured
using an Electro-Optic detector, quarter wave plate, Wollaston prism and differential
photodiode pair. The near infrared and Terahertz beams are focused onto the electro
optic detector (and are phase matched) and the other previously mentioned detection
parts are then placed after this (as shown in Figure 3).

A new detection method has been developed for applications in medicine, space and
surveillance [16]. This system used integrated HEB/MMIC receivers based upon the
integration of quasi-optically coupled phonon-cooled NbN hot electron bolometric
(HEB) mixers with InP monolithic microwave integrated circuit (MMIC)
intermediate-frequency (IF) amplifiers to give promising results for near range
scanning.

2.2 Terahertz Systems
Terahertz imaging and spectroscopy are both based upon a system where a pulsed
laser produces pico-second pulses of Terahertz radiation resulting in broad band
frequency in the time domain. Main systems that will be discussed in depth include
9

Terahertz time domain imaging, spectroscopy and Terahertz pulsed imaging. Other
basic modalities include electro-optic imaging, tomographic imaging, single-shot
imaging, near-field imaging, dark-field imaging, bistatic Terahertz imaging and Tray computed Tomography [4]. New methods being developed such as those using
waveguides are still being pioneered [12].

2.2.1 Terahertz Spectroscopy systems
Terahertz spectroscopy is basically the observation of changes in the spectrum after
transmission or reflection from a material, as with most spectroscopy systems. The
most common Terahertz system is (THz-TDS) Terahertz Time Domain
Spectroscopy [10]. In the microwave region of Terahertz; energy is too low to
induce vibrations yet sufficient to cause molecular rotation, Terahertz photons have
insufficient energy to make molecules vibrate in stretch or bend modes but torsional
low energy motions may be excited [17]. The forces that hold molecules together in
the crystal lattice are weaker than intramolecular vibrations. This means these
phonon modes can be excited by Terahertz radiation and result in characteristic
absorption lines in the Terahertz spectrum. Crystalline samples have a good
Terahertz spectra whilst amorphous are relatively transparent as they are too
disordered to maintain modes [3]. These molecular transitions and their
corresponding frequency range are summarized in Figure 2.

Figure 2. Molecular transitions in the Terahertz region of the EM spectrum. Adapted from [3].
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2.2.1.1 Terahertz time domain spectroscopy
Terahertz time domain spectroscopy uses photoconductive antennas (PDA’s) and
other emission technology as outlined in the systems section 2.1.1. The basic model
is that the Terahertz pulse from free space is Fourier transformed, characterised and
analysed against the same pulse with the medium being imaged in the beam path.
Thus the mediums molecular absorption lines are given. This technique has been
used to find the refractive index of dielectrics, semiconductors, thin films, liquids
and superconductors [10]. Studies have also used this spectroscopy as listed in [10]
to recognize gases and gas mixtures, study the dielectric properties of polar liquids,
observe rotational absorption spectra of vapor, classify Terahertz material
parameters, and study the dynamics of chemical reactions to understand chemical
and biological systems. A typical THz-TDS system is shown in Figure 3, in this case
the Photo-Dember effect has mainly been used to generate the Terahertz pulse [18].

Figure 3. University of Wollongong transmission set up for Terahertz Time Domain
Spectroscopy.
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THz-TDS can probe a large spectral range with on pulse meaning there is no need
for frequency sweeping as in a continuous wave (CW) system [19]. THz-TDS has
been shown to give “fingerprints,” of certain materials such as benzoic acid, its
mono-substitutes salicylic acid (2-hydroxy-benzoic acid), 3- and 4-hydroxybenzoic
acid, and aspirin (acetylsalicylic acid) as in [20]. This time domain procedure can
provide a direct fingerprint of the molecular structure or conformational state of
compounds. For complex specimens such as sunflower seeds THz-TDS provides a
far superior detailed image than frequency domain systems [21].

Terahertz time domain spectroscopy may also be performed in reflection as well as
transmission. Reflection differs from transmission spectroscopy mainly by
penetration depth and phase considerations. In reflection the path-length will change
depending on the placement of the sample so the phase must be referenced to a
known surface [10].

2.2.1.3 Continuous Wave Spectroscopy
Continuous Wave spectroscopy methods of Terahertz radiation production are
outlined in section 2.1.1. This is at a particular frequency for a varying current or
temperature. One of the lasers temperatures is increased (while the current is
constant) to increase the frequency. Alternatively the current may be ramped down
(with a constant temperature) to increase the frequency over a smaller frequency
range. At each step the detector signal is recorded and a spectrum taken in this way.
This directly produces a signal in the frequency domain whose sample signal may be
taken as a ratio with that of free space to find the transmittance. These systems tend
to have higher powers in the lower frequency range (0.1-0.4) THz and a higher
possible resolution than THz-TDS.

2.2.1.3 Terahertz Pulsed Spectroscopy (TPS)
TPS is exactly the same as Terahertz time domain spectroscopy as outlined in
section 2.2.1.1 but simply has a different name. TPS along with Terahertz Pulsed
Imaging (TPI) can explore low-frequency vibrational and torsional motions in
molecular systems. These motions are either flexing of the individual molecules or
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intermolecular interactions via strong hydrogen bonds or weaker van der Waals
forces [3]. These vibrations give valuable information to pharmaceutical science as
they provide insight into the structural dynamics of polymorphs and hydrates of
crystalline materials. Water displays a large absorption peak at 5.6 THz which is
attributed to resonant stretching of the hydrogen bond between water molecules.
This absorption peak is seen in TPI and TPS as it extends to the frequency range
both used. This makes both TPI and TPS highly sensitive to water concentration.
This is a big limitation as it makes whole body imaging impossible. Four drugs were
studied in [22] using TPS to give information on crystallinity and polymorphism.
This study concluded that TPS is a great method of detection of pharmaceutical
compounds with one having a limit of detection as low as 1%. The main results
garnered from spectroscopy systems will be discussed in section 2.4.

2.2.2 Terahertz Imaging Systems
2.2.2.1 Terahertz Pulsed Imaging (TPI)
Hu and Nuss [23] first proposed Terahertz pulsed imaging (TPI) in 1995 and it has
only continued to develop since then [24]. TPI is a noninvasive, imaging modality
(that may be used in reflection or transmission) that explores the Terahertz
frequency range between 0.1 and 3 THz [2]. These wavelengths are significantly
larger than the scattering structures in tissue thus scattering effects of Terahertz
radiation are negligible comparatively with optical techniques using shorter
wavelengths, e.g. near infrared or visible radiation.

Terahertz pulsed imaging (TPI) is a technique whereupon an ultra-fast laser, like a
Titanium Sapphire laser [25], is divided into two with one beam being the pump and
the other a probe beam. The pump beam is simply the beam that is used to generate
the Terahertz pulses and the probe beam used for detection. The probe beam is
directed at the sample and the recombines with the pump beam so as to give
information about the sample from interference. This information is that of the
amplitude of the electric field after interaction with the sample [25].
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Either a voltage biased photoconductive antenna is activated by an ultra fast infrared
laser or optical rectification can be used to generate picosecond Terahertz pulses.
Optical rectification also known as optical mixing and is the process where infrared
laser pulses illuminate a crystal with high nonlinear susceptibility such as ZnTe and
GaP. This technique can yield pulses up to 70 THz [25]. The gated detector operates
only when illuminated by the probe pulse [10]. The time resolution is dependent on
the duration of the laser pulse and the cutoff speed of the detector. A typical TPI
system [25], can be seen in Figure 4 with the arrangement shown as that for
transmission imaging.

Figure 4. TPI system in transmission [25].

TPI uses broadband electromagnetic pulses with frequency content from 100
gigahertz (GHz) to 100 Terahertz (THz) to probe materials in transmission or
reflection [24]. The parabolic mirrors focus the beam, the first collects and
collimates it, second focuses it to a point on the sample, third collects and focuses
the transmitted beam and finally the fourth focuses this beam onto the detection
optics. The final mirror has a small hole on its focal plane that allows the probe
beam through to the detection optics [26].
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A preliminary catalogue using TPI was obtained using broadband frequency of 0.52.5 THz detailing the skin, cortical bone, adipose tissue, teeth, and striated muscle in
order to have a library [25]. This provided a comparison for future studies, and
research into its medical practicality. It should be noted that the maximum difference
in absorption between skin and BCC occurs at 0.5 THz [3].

TPI provides both structural and spectroscopic information which might prove
advantageous in determining lateral spread and depth of tumors [2]. There are
numerable biological tissues that have previously been imaged using TPI and
numerous applications derived. These applications include early caries detection in
teeth [11, 27] and skin cancer such as BCC’s and melanoma diagnosis [6, 28-30]
other skin condition monitoring such as sclerosis [28] and burn injury assessment [5,
26, 31]. TPI has also been used in histopathology [5] and contrast has been
demonstrated between different tissues in both prepared and fresh samples [24].

As a THz-TDS system is used to image spectral information may be gathered from
each point, and any variation in thickness or material may be detected. THz-TDS has
been used in the literature to identify the characteristic spectra of vibrational modes
of drugs [32] in reflection geometry to detect explosives despite mixture materials
[33], assess skin hydration levels [34] and detect healthy and cancerous tissue [35].
In T-ray medical imaging there is a limit to applications to tissues near the surface
(such as excised tissue and skin cancers) due to T-rays short penetration depth
(especially in water). Higher penetration depths occur in adipose tissue and thus
breast cancers have been widely studied/imaged due to their large adipose tissue
content [7, 36-39]. Applications will be reviewed further in section 2.3.

2.2.2.2 T-Ray Computed Tomography
Terahertz Computed Tomography (CT) currently doesn’t seem to have many current
applicable uses in the medical field. Investigation for use in medical diagnosis
include; identification of different materials or functional information extraction. It
is analogous to x-ray CT systems and may be applied to surface deformation
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detection, packaging inspection and semiconductor testing [40]. Time of flight
imaging is used to generate 3D images. The principle of time of flight technique is to
estimate the depth information of the internal dielectric profiles of the target through
the time that is required to travel over a certain distance [41]. It has been
demonstrated to accurately image containers and may be used for security
applications. The technique of weakly scattered T-rays being imaged at various
projection angles using TPI has previously been described [42]. These are then
reconstructed using filtered back-projection algorithms to obtain the objects
frequency dependent refractive index. Results from this study show a 3D
reconstructed turkey femur section along with a vial and tube image. This
preliminary study showed that reconstructed images are obtainable giving valuable
information on internal structure of objects, and gives a refractive index value
without needing to know sample thickness. At this stage the signal to noise ratio
needs to be improved to garner other additional important information such as
function and material classification. Resolution seems limited by its wavelength to 1
mm unless new techniques such as volumetric spectral analysis are used [43] where
the resolution obtained is 0.4 mm.

2.2.2.3 Dark Field Terahertz Imaging
In order to improve the sensitivity for scattered and diffracted radiation, dark-field
Terahertz imaging techniques have been developed in analogy to the wellestablished approaches of optical microscopy [44]. Dark field imaging is based upon
blocking the radiation that is ballistically transmitted or specularly reflected from the
target so that only scattered or diffracted radiation is incident upon the detector. The
deflection coefficient is given as the ratio of the radiation which is deflected from
the ballistic (specular) beam path relative to the total transmitted (reflected) power.
This then gives the image, Figure 5, showing a canine tumor from [44] with tumor
regions having low deflection coefficients compared to boundaries:
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Figure 5. Deflection coefficient of canine tumor. [44]

2.3 Imaging in Medical Physics
There are many potential medical uses of Terahertz radiation. The various categories
of these medical applications will be listed and explained throughout this chapter.

2.3.1 Breast Cancer
With surgical treatment for cancers the aim is to remove the cancer fully whilst
minimizing the amount of healthy tissue damaged. Clinically there is a need to be
able to accurately define the margins of tumors during surgery, conserving normal
tissue and minimizing the number of second surgical procedures. At present, there is
no technology available to do this [3] in real time, as currently the practice is to use
intra-operative palpation of the tissue removed in surgery (which gives results
several days after surgery [7]) and radiography or Magnetic Resonance Imaging
(MRI) to define tumor margins. Using radiography techniques 10-15% of all
operations require a secondary surgery [3] to remove the cancer missed using these
tumor margins. An intra-operative probe has been designed and tested to do just this
in real time [37]. It has successfully proven to be able to image tumors and show
contrast between tumor and normal tissue ex vivo. One image of these results is
shown in Figure 6.
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Figure 6. Mastectomy from a 52 year old patient with invasive lobular carcinoma. [3]

It should be noted that these results are preliminary ex vivo and are samples of a 37
patient cohort. It is possible that Terahertz imaging may be able to assist in defining
tumor margins but also give information about what stage of invasion the node is at.
If this is true and Terahertz radiation can image the difference between healthy
tissue and micro-metastases then this could mean surgeons would be able to image
not just the primary node but whether the sentinel nodes are cancerous during
surgery. This would improve patient care as surgery time could be reduced and once
more fewer surgeries would take place.

Similarly another study also found that Terahertz Pulsed Imaging (TPI) could be
used to define the differences between unhealthy tissue and normal tissue by
imaging with Terahertz radiation and comparing the results with the normal
histological staining procedure used. These results found that the contrast was
clearly evident as long as kept within the penetration depth of approximately 1 cm in
this case [7]. This can clearly be seen in the images shown in Figure 7 [7], with the
histological micrograph displayed on the left and the Terahertz image on the right. It
should be noted that Emax is the impulse function for normal adipose breast tissue
and Emin the impulse function for cancerous tissue. The contrast between healthy
breast tissue and cancerous tissue is best at 0.5 THz and below.
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Figure 7. Lobular carcinoma (a) image from photomicrograph. (b) Terahertz image of Emin
parameter. (c) Terahertz image of Emin/Emax parameter. [7]

This preliminary study suggests that this TPI is better suited to skin cancer due to its
limited penetration depth. However as breast consists primarily of adipose tissue
especially in older women [3], the concerns for the penetration depth issue may not
completely rule out TPI for breast. As adipose tissue or fat was shown to have a
penetration depth of 6 mm and skin 1 mm [3]. Probes and cameras developed after
2005 demonstrate that a real time in vivo probe to be used in lymphoscintography
and other surgeries may in fact become a reality [3, 45]. Both TPS and TPI can be
used to distinguish between healthy adipose breast tissue, healthy fibrous breast
tissue and breast cancer due to the differences in the fundamental optical properties
[38]. A study of 20 breast cancer patients showed that the absorption coefficient and
refractive index is significantly larger for cancer than for normal tissue [38], as seen
in Figure 8.

Figure 8. Frequency dependent (a) absorption coefficient and (b) refractive index of breast
cancer and normal tissue. [38]

The presence of cancer often causes increased blood supply to affected tissues and a
local increase in tissue water content is observed, as shown in Figure 8, as an
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increase in absorption and refractive index. This acts as a natural contrast
mechanism for Terahertz imaging of cancer [41]. Any structural changes that occur
in an affected tissue will also contribute to Terahertz image contrast.

2.3.2 Skin Tumors
There are three main types of skin cancer; melanoma, basal cell carcinoma and
squamous cell carcinoma. Both basal cell carcinoma and squamous cell carcinoma
are known as non-melanoma skin cancer. The most frequently occurring cancer in
Australia is non-melanoma skin cancer with 374000 cases diagnosed a year [46].
One of Australia’s most common cancers is also melanoma with Australia having
the highest rate in the world [46]. The current method is to analyse the cancer
visually or if in doubt then a biopsy is performed then the cancer removed. Common
cancers are removed in surgery or by cryotherapy, curettage (scrapping) or cautarage
(burning). However melanomas are removed by surgery with typically 1-2 mm of
surrounding tissue along with it. If the draining lymph nodes are affected they are
also removed surgically. For thick melanomas after surgery interferon is prescribed
or other vaccines used. If the disease is widespread chemotherapy or other effective
drugs are used. Radiotherapy may also be used in palliative care to relieve
symptoms.
The most effective treatment for skin cancer today is MOH’s (also known as
chemosurgery which was created by Dr. Frederic Mohs) that requires a specialized
surgeon to remove the tumor in layers minimising the amount of normal tissue
removed and hence minimising scarring while also reducing the chance of re-growth
[47]. However this technique is expensive and time consuming [8]. This is because
histology tests are performed during the surgery to allow tumor margin assessment
and same-day closure of the defects. The ability to assess the direction of subclinical spread and define the histological subtype of the tumor pre-operatively, may
simplify MMS to a single layer excision, for all but the most extensive tumors,
saving time, money and patient discomfort [8]. Many imaging modalities are being
considered for this purpose (pre-operative assessment) including ultrasound,
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multispectral analysis, optical imaging techniques and finally Terahertz imaging.
Each possibility has its own unique challenges to be overcome for this purpose. For
example ultrasound can image tumors in vivo but lacks the ability to distinguish
between healthy and diseased tissue. Multispectral analysis and optical imaging
techniques all lack penetration depth. Thus a Terahertz imaging system provides an
alternative.

Carcinoma detection and analysis remains one of the most plausible applications for
medical Terahertz imaging. This is mostly due to its penetration depth matching that
required to image the skin. Many studies have investigated the plausibility of such
methods and will be reviewed here chronologically.
Basal cell carcinoma’s have shown a positive Terahertz contrast [8] whilst
inflammation and scar tissue have a negative Terahertz contrast compared to normal
tissue. Figure 9 shows the ability of TPP (Time Post Pulse) to discriminate between
cancerous and normal tissue.

Figure 9. BCC (a) visible image, (b) Terahertz image, diseased tissue on right is marked by solid
line, and normal tissue on left (broken line), (c) TPP area statistics of each area in b at t=-1.74
picoseconds, d stands for diseased areas, i corresponds to inflamed and n is normal. [8]

The TPP is f t  

E t 
where t is optical delay time, E(t) is the peak value and E min
E min

is the minimum peak amplitude. This is done to normalise the waveform so as to rid
it of any effect resulting from surface topology. Of all 15 BCC samples imaged in

21

this study all 15 were clearly identified, with the visible images less able to
discriminate due to inflammation. Histology of this section was also performed as
well as initial results of the time domain pulses and raster scan images displaying
generated from Emax of a human hand are displayed Figure 9 to show TPI’s potential.
Images can also obtained of a BCC showing TPI’s ability to distinguish between
cancerous and non cancerous tissue [29] after excision. Later in 2003 a larger study
[30] using TPI to image BCC of multiple patients was performed to determine if TPI
could distinguish between BCC and normal tissue as well as help demarcation of
BCC margins prior to Mohs’ micrographic surgery (MMS). In this study 21 samples
have been analysed using time domain techniques to make 2D images. The cross
sections of the cancerous tissue are shown in Figure 10 for one sample:

Figure 10. BCC (a) visible image with cancerous tissue surrounded by full dark line and
normal tissue surrounded by the dashed line, (b) charted areas and (c) Terahertz image. [30]

The BCC showed an increase in Terahertz absorption than normal tissue. Overall all
the Terahertz absorption profiles in this study agreed well with histology, with a
marked increase in the TPP (time post pulse) value in the location of the tumor [30].
Histological samples were again examined in various studies in 2004 [2, 5]. By
combining separate images multispectral classification could be achieved as the
melanoma and BCC in this study could be distinguished [5]. This study also imaged
a melanoma [5] with the melanoma again being darker than the normal tissue.
An extensive study on the absorption of Terahertz radiation through three parts of
human skin on the arm has been performed [28]. These sites on the skin studied
included the volar forearm, dorsal forearm and palm. This was done to have these
catalogued as normal to give insight into various skin diseases in future work. Their
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finite difference time domain (FDTD) model was also successfully validated to skin
in vivo using the double Debye model theory to describe Terahertz radiation
interactions with skin [28].

Similarly to the spectroscopy results from breast tissues shown in section 2.3.1,
seven patients with BCC’s were imaged spectroscopically [7]. This found that
Terahertz radiation could be used in surgery to enhance tumor margins due to BCC’s
clear difference to normal tissue spectroscopically.

Figure 11. Skin spectroscopy results of the refractive index and absorption coefficients of
normal and BCC tissue. [7]

One may conclude from the results in Figure 11 that normal and diseased tissue can
be identified from each other and that TPI could be used in future BCC tumor
margin analysis but its use in mammography may be limited due to the penetration
depth.
A portable hand held Terahertz imaging camera for carcinoma’s can be found in the
papers [2, 6]. This showed that using TPI there is a potential for effectively
analyzing the tumour margins for carcinomas.

Other popular techniques already used to analyse and determine skin cancer margins
include; Near Infrared Imaging which includes Optical Coherence Tomography
(OCT) and Confocal Microscopy, and Micrographic Surgery. Confocal Microscopy
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only has a penetration depth of 250-300 m and OCT of less than 1 mm [30].
Improvements on TPI depth and axial resolution along with greater bandwidths have
been improved upon [28].

2.3.3 Other skin conditions
Terahertz radiation may have application in dermatology in assessing the stage of
some skin diseases such as psoriasis and other inflammatory skin disorders. The
severity of this type of disease may be possible to discriminate. However this is one
area that hasn’t been studied in depth as yet. Studies into normal skin tissue have
been carried out in [8, 28, 48] towards this final goal. The stratum corneum
hydration levels and study of stratum corneum thickness has been determined in
these studies.

2.3.4 Wound Assessment
Terahertz imaging may have a future in wound assessment; this can range from the
severity of burns to cuts. It is known that the amount of water in a tissue affects the
amount of Terahertz absorption. Whilst a fresh wound is healing there is much water
present as the tissue is saturated with plasma. However as the wound scabs there are
more collagen macromolecules present which trap the water as it heals over [26],
thus altering the Terahertz signature from normal tissue. Initial research of wound
healing suggested in vitro tests to start out in transmission of small slices as
suggested in [26] discusses an exciting TPI system in reflection for in vivo
measurements for wound assessment. Whereupon wounds can be assessed as they
heal using a TPI probe, but this system is currently only in the planning stage.

Terahertz images of burns have shown contrast between burns and healthy tissue
[26]. When treating burns the depth assessment of the burn is of key importance.
This is currently assessed by clinical subjective evaluation and other auxiliary
imaging methods like thermography, Indocyanine Green Video (ICG) Tegaderm
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angiography, Laser Doppler Imaging (LDI) and Laser plaster Doppler perfusion
Imaging (LDPI) [31]. These modalities have some limitations and weaknesses [49]
such as incorrect readings if mediums such as ointments have been applied. There
have been studies into the effect of different ointments and gels using Terahertz
imaging. One such has found that Vaseline and cleansing oil have very low
Terahertz absorption and can thus be postulated to have no impact on limiting TPI
for burn wound assessment [50]. Materials with higher water content were seen to
have higher absorption of the Terahertz signal as you would expect. More studies on
the specific cream applied in treatment would be needed to conclusively rule this
limitation out for Terahertz imaging but the prospects seem promising.

A potential advantage over other wavelength modalities is that Terahertz frequencies
can image skin depth through wound dressings [31]. This study explained these
results and conclusively stated that Terahertz radiation is able to penetrate through
plaster and wound dressings to reveal skin depth information [31]. Potentially this
means burn assessment through dressings. This is beneficial as other imaging
modalities are unable to do this and some burns such as severe ones need the
dressing to not be changed until the appropriate time such as surgery, or its healed,
etc.
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Burn assessments of porcine (pig) skin has been performed in an endoscope study
showing clearly the burnt area of the porcine skin [51]. A recent In vivo study has
been performed on rat burns over 8 hours, showing the progression of edema in and
around the second degree burns [52]. These images have been raster scanned which
takes a long time, for translation into human applications. Better scanning times and
thus sources and detectors are needed. Similarly other animal trials suggest that
Terahertz imaging may be useful in burn wound assessment where current clinical
modalities have resolution that are of insufficient sensitivity for accurate diagnostics
[53].

2.3.5 Dental
TPI may be used for the early detection of caries. Results have shown that Terahertz
Pulse Imaging gives a contrast ratio between healthy tissue and carries of 2:1
whereas current detection modes aren’t as good. For example radiography gives a
2% change in contrast between healthy and diseased tissue [54]. The clinical
potential for a non-invasive, non-ionising modality for the detection of caries is
exciting. TPI can give a point scan (analogous to an ultrasound) or can be raster
scanned (many points taken or C-scan) giving 3D depth information about the
sample without having to section it to gain depth information [27].

TPI has been used on sections of human teeth and has shown to be able to identify
both natural caries lesions and the enamel-dentine junction in whole teeth [54].
Studies upon bovine teeth have also been performed such as in [27], which have
compared to the “gold standard” for determining lesion depths of mineral loss in
enamel TMR (Transmission Microradiography) to TPI. TPI’s ability to measure
lesion depths is related to TMR by a scaling factor of 0.46 with a y-intercept of 16
m and a coefficient of determination of 0.995. This means that demineralisation
may be related to refractive index. TMR requires the teeth to be cut into sections
before microradiography whereas reflection TPI does not. It should be noted that
transmission imaging for carries detection has been ruled out as too expensive [44].
The main limitation foreseen is whether a reflection set-up is possible to access this
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early detection i.e. inside the mouth is a challenge to have enough space for the
Terahertz probe.

2.3.7 Other Medical Uses
Another use for Terahertz radiation is in bones. Osteoarthritis is the degradation of
cartilage in bones such as in the knee. Terahertz systems have investigated
osteoarthritis and have found that further analysis is required for this application
after imaging rabbits knee joints and obtaining the expected pulse [9]. There is hope
for a future system that non-invasively images knee joints to detect the early stages
of osteoarthritis. Current methods of X-Ray’s and MRI don’t give information on
tissue type like Terahertz radiation does. Other limitations of current methods
include that; MRI is expensive and X-Ray’s are ionising radiation.

There was another study upon cortical bone [55], aimed to use Terahertz frequencies
as a measure of mechanical strength. In the end no correlation between the values of
Young’s modulus with Terahertz refractive index or transmission measurements
could be found. However there is a linear relationship between the Terahertz
transmission and the sample density. The cortical bone samples that were dried
using hot air were more transmissive as expected, due to less moisture.

The inability for Terahertz frequencies to image early stage cancers may no longer
be an issue. By using nanopartical contrast agents similar to MRI, cancers can be
shown at earlier stages and with better resolution i.e. micron resolution. This is using
contrast agents such as hydroxyapetitie gold nanocomposites (HGNC) and gold
nano-rods (GNRs) like in the study by [56]. In this study the samples reflection
signal was shown to have increased by almost 50% with these nanoparticle contrast
agents. This large increase is attributed to the hyperthermia effect induced by surface
polaritons [56].
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T-ray imaging has also been used to: monitor the film coating thickness and drug
layer uniformity on in vitro drug release [57], assess burns/wounds and skin depth
[31], and characterize different tissue types in reflection [58].

2.4 Spectroscopy Results from the literature
Spectroscopy systems have been summarized in section 2.2.2. This section
concentrates on describing the previous results gathered from these spectroscopy
systems. TPI displays distinct changes in the refractive index between healthy and
cancers. Spectroscopy studies have identified these changes in cancer to be due to
higher water content in malignant tissues [41]. Spectroscopy is a key tool in
identifying the cause of image contrast; providing structural information on samples
such as proteins and to identify the optical properties of scientifically interesting
materials such as semiconductors and carbon nanotubes. Spectroscopy has been used
to obtain information on; thin films [59], chemicals [60], proteins [61, 62], glasses
and polymers [63], liquids [64-66], pharmaceuticals [22], tissues [67-69], liquid
crystals [70], Hydronium [71] and other gases, stem cells [72], water [65, 73],
explosives [74, 75], cells [76] and skin [77], to name a few.

2.4.1 Bioaffinity sensing
Bioaffinity sensing is defined to be a sensor that uses immobilised hormone
receptors or antibodies to detect hormones or antigens [78]. The use of T-rays for
label free bioaffinity sensing of avidin-biodin binding has been shown [79]. This
revealed the potential of T-rays to monitor the recognition process at the low
detection limit of biomolecules [79]. The system used is a differential time-domain
spectroscopy system. Studies into further bioaffinity sensing of other targets such as
gas and antigen-antibody are possible.

2.4.2 Tissues
There are various papers out cataloging the different properties using THz-TDS on
different animal tissues [58, 80] and human tissues [8, 25, 38, 48]. Some of these
samples are ex vivo; paraffin embedded [35, 81], frozen [68], or in vivo and freshly
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excised [2, 28, 38, 48, 58]. For example for freshly excised (ex vivo) rat tissue the
time domain waveform changes for various tissues as you would expect [58]. This is
shown in Figure 12.

Figure 12. Time Domain Waveforms of different tissues (Left.) Along with their corresponding
Absorption Coefficient (top right) and Refractive index (bottom left). [58]

It was found that the time domain reflection pulses, the amplitude and FWHM
values are significantly different for all organs measured apart from the amplitudes
of pancreas and heart samples [58]. There have also been reports on human tissue
data as given in Table 1 [25].
Table 1. Refractive index and absorption for different biological tissues [25].

Material
Deionized Water
Tooth Enamel
Tooth Dentine
Skin
Adipose Tissue
Striated Muscle
Corticol Bone
Vein
Artery
Nerve

Nn
16
44
72
36
37
37
59
33
12
12

N Average
2.04 ± 0.07
3.06 ± 0.09
2.57 ± 0.05
1.73 ± 0.29
1.50 ± 0.47
2.00 ± 0.35
2.49 ± 0.07
1.58 ± 0.49
1.86 ± 0.40
1.95 ± 0.46

Nμ
13
44
72
36
37
37
59
33
24
12

μ Average /cm-1
225 ± 21
62 ± 7
70 ± 7
121 ± 18
89 ± 23
164 ± 17
61 ± 3
110 ± 43
151 ± 25
246 ± 27
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It can be seen that various tissues have different refractive indices and absorption
coefficients in animals and humans.

2.4.3 Water
As water is a polar molecule it is very absorbent of Terahertz signals. Water
molecules can vibrate in many ways such as a combination of asymmetric stretch,
symmetric stretch and bending of the covalent bonds in the gas phase. These
vibrations lie in the mid to far infra-red. In the liquid water phase this is more
complex due to overtone vibrations and librations along with hydrogen bonds. As
the hydrogen bonds are much weaker than covalent bonds their bond lengths are
longer [3]. This results in modes within the Terahertz frequencies, which explains
waters high absorption at these frequencies. Throughout the literature there are many
instances of experiments trying to correlate these modes to certain liberation and
vibration spectrum [3]. At least two relaxation processes are required to describe
Terahertz radiations reaction with water and these can be modeled as oscillators
using Debye theory. Debye theory couples the polarisation relaxation to the electric
field. Debye theory formed the basis of simulations of polar liquids to understand
Terahertz radiations interactions with tissue. More recent studies into fitting Debye
theory to the data have used more than 2 relaxation processors as the range of their
studies contained larger frequencies [3] i.e. 7 THz. There are also studies into other
polar liquids. Studies using phantoms to correlate Monte Carlo methods to have also
been performed [82].

2.4.4 Solid state samples
2.4.4.1 Semiconductors
Terahertz time domain spectroscopy is used for determining material properties for a
myriad of samples such as silicon [83], doped semiconductors [84] and carbon
nanotubes [85]. This can yield important information on the material such as its
carrier dynamics. For example the mobility and carrier concentration may be found
by fitting the Drude model to the transmittance of the sample [83]. The materials
complex conductivity, permittivity, dielectric constant may be measured directly
using THz-TDS. This is outlined further in Chapter 3. This provides a non contact
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method for determining materials parameters non-destructively. It also provides a
method for determining the properties of stacked samples [84].

2.4.4.2 Materials for new Terahertz components
New components to be used in the Terahertz range are currently being investigated,
due to the previous lack of sources and detectors in this area. Some interesting
materials for providing phase modulators and switches are liquid crystals.
Metamaterials also provide possible cloaks, waveguides, sub-diffraction limited
lenses [86], perfectly absorbing materials [87], and non-linear optical mirrors [88].

2.5.3 Biochar
Biochar is a carbon-rich solid material produced by heating biomass in an oxygenlimited environment and is intended to be added to soils as a means to sequester
carbon and maintain or improve soil functions [89]. Biochar has the potential to
reduce soil degradation; food insecurity, nitrogen and phosphorus rich runoff from
fields and climate change. Biochar is a complex system and any features may be
significant and should be studied. Biochar can be used as an effective fertilizer for
various crops without negative harmful side effects common with chemical
fertilizers [90]. The effect of Biochar on crop productivity is variable depending on
the various bio-physical interactions that occur with the soil when different Biochars
are applied. A quantitative way of providing information on different Biochars and
their components is thus being sought. Hopefully Terahertz radiation will in future
provide this information. Previous methods which attempted to distinguish various
types of Biochar are outlines in section 2.5.3.1.

2.5.3.1 Previous Methods:
Currently methods such as Mid-Infrared Spectroscopy with partial least squares
[91], can estimate soil fractionations. Methods exploring Biochar such as; x-ray
diffraction, synchrotron near-edge x-ray absorption, and Fourier Transform Infrared,
all display chemical transitions at distinct wavelengths. However whilst these may
show small shifts in the peaks with different (100-700°C) temperatures, all methods
show very small differences in grass char from wood char [92]. Most methods, with
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Nuclear Magnetic Resonance (NMR) being the exception, are unable to
quantitatively distinguish different origins of Char (or their types).

2.5 Materials of Interest
2.5.1 Liquid Crystals
Liquid Crystals exhibit birefringence in the Terahertz range if in the correct phase.
This Birefringence may be used to produce Terahertz phase modulators and
switches. Liquid crystals with larger birefringences are being sought for this
purpose, and are thus being explored. Over the temperature range between solid and
liquid state LCs exist in the nematic mesophase where the molecules have no
positional order (like solid crystals) but do have long-range orientation order. The
preferential direction of the rod-like elongated molecules establishes a macroscopic
dielectric anisotropy. Due to the physical properties of a liquid the reorientation of
the molecules is possible. To describe the macroscopic anisotropy a director

n

is

defined pointing in the mean direction of the molecules.

Figure 13. Depiction of the molecular orientation during the crystalline, nematic and isotropic
phases of LCs.

The nematic phase has only one order parameter (the direction) whilst the isotropic
has no order. This is outlined in Figure 13. The ordinary and extraordinary
orientations of the LCs are defined with respect to this director

n.

Three methods are

used to orient the LC molecules:

2.5.1.1 Specially treated surface layers
On the surface of the LC layer a thin film (~ 300 µm) of polyimide is used. This
layer is mechanically rubbed with woven felt. Due to the surface profile and
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chemical interactions between the LC and the polyimide film, the LC molecules
orient parallel to the rubbing direction with a tilt angle of nearly 0° parallel to the
bounding surface. The orientation interactions only take effect in very close
proximity to the surface. Thus this orientation method can only be used with very
thin LC layers in the range < 100 µm.

2.5.1.2 Electro-static fields
The orientation of nematic LC molecules in an electro-static field is dependent on
the dielectric anisotropy and is known as the Freedericksz effect. The higher the
dielectric anisotropy the lower the field strength needed to orient the LC molecules
parallel to the electric field lines. Using an electro-static field the LC molecules tend
to rotate with the field until it is high enough and a homeotropic condition is
reached. When this occurs all the molecules are aligned parallel to the electric field
lines.

2.5.1.3 Magneto-static fields
Magnetic fields orthogonal to the aromatic rings in the liquid crystals induce
currents in these rings which increases the free energy in the molecules. To minimise
this free energy the liquid crystal molecules rotate so that the aromatic rings are
parallel to the magnetic field direction and no current is induced.

The first two methods are often used to flexibly change and control the orientation in
various tunable applications including electro-optic displays (e.g. liquid crystal
displays (LCD’s)) and tunable microwave components (e.g. phase shifters or
reconfigurable antenna arrays). The third orientation method, using large coils or
strong permanent

magnets, is mainly used for material characterisation

(comparatively large dimensions required). The alignment of molecules in our set-up
is outlined in Figure 14.
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Figure 14. Representation of nematic LC alignment and polarisation in a magnetic field. (a)
Extraordinary orientation, n Director parallel to the Terahertz polarisation. (b) Ordinary
orientation, n Director orthogonal to the Terahertz polarisation. The incident Terahertz beam
is polarised in the Y direction (horizontally polarised) and propagates in the negative X
direction.

The birefringence is defined in equation (2.1) [93].
n  n e  n o

(2.1)

Where ne and no are the real refractive indices for the extraordinary (aligned parallel
to the incident Terahertz electric field) and ordinary (aligned orthogonal to the
incident Terahertz electric field) respectively. By applying a magnetic field, the
nematic LC molecules align along the magnetic field direction, as seen in Figure 14.
This causes different indices of refraction for parallel and perpendicular orientations
(or polarisations).

K15 and E7 nematic LCs have a single axis of anisotropy. K15, also known as 5CB
or 4-cyano-4'-pentyl-biphenyl, has chemical formula C18H19N [94]. E7 is a LC
mixture of mostly biphenyls. There are four cyano substituted polyphenyls that make
up E7 [95].E7 is an eutectic mixture containing 51 wt% of 5CB, 25 wt% of 7CB, 16
wt% of 8OCB, and 8 wt% of 5CT [96]. Thus E7 contains predominately K15 (5CB).
The liquid crystal E7 has been shown to have high birefringence, small losses and
broad nematic temperature range, which are attractive for all kinds of tunable
applications such as tunable phase shifting [70]. E7 also showed a relatively constant
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refractive index with frequency, both for ordinary and extraordinary orientations
[70]. Confirmation of these results for E7 will be given. A room temperature
Terahertz phase shifter has been successfully demonstrated (a maximum phase shift
of 360º was achieved at 1 THz by aligning the nematic molecules with a magnetic
field at various angles) using a sandwiched E7 LC cell [70]. Devices using LCs in
the Terahertz region are hoped to have advantages such as good tunability for new
components that have been previously unobtainable in this Terahertz region.
Terahertz phase shifters and Terahertz quarter-wave plates are some examples where
LCs would be useful. Firstly their optical properties need to be explored accurately.
This will provide insight into whether their advantages, such as their broad range of
phase shifting, outweighs their disadvantages, such as losses and slow switching
times for individual Terahertz components.

2.5.2 Metamaterials
Metamaterials are artificial materials, composed of sub-wavelength “atoms” that can
collectively exhibit effective electromagnetic responses not found in nature [97].
Metamaterials have been demonstrated in devices as sub-diffraction limited lenses
[86], perfectly absorbing materials [87], non-linear optical mirrors [88] and
electromagnetic cloaks [98] in many regions of the electromagnetic spectrum. New
devices may be made in the Terahertz region from these metamaterials or scaled to
fit into other wavelengths.

Metamaterial fabrication from the infrared and Terahertz range into the visible
wavelengths generally relies on techniques such as lithography [99] and direct laser
writing [100] which limit total sample sizes to be no larger than a few cm2 with few
layers. This limitation also includes specifically electron-beam lithography, nanoimprint lithography, focused-ion beam milling, and direct laser writing [101]. The
samples outlined in this chapter are metamaterials produced using the novel method
of fiber drawing which produce large amounts of metamaterials. Other mass
producing techniques include inkjet [102, 103] and laser printing [104] which
produce large area flexible metamaterials but are limited to two dimensional samples
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[105]. Fiber drawn metamaterials are a simply way to produce inexpensively large
quantities of three dimensional metamaterials [105-108].

The Transverse Magnetic (TM) mode of any electromagnetic radiation (Terahertz in
this case) is a term to describe the field pattern of the radiation. TM describes a field
with no magnetic field in the direction of propagation whilst the TE (Transverse
Electric) mode similarly describes a field with no electric field in the direction of
propagation. These terms will be used to describe the field incident upon the
metamaterials. This is outlined in Figure 15.

Figure 15. (a) Transverse Magnetic orientation and (b) Transverse Electric.

2.5.4 Dosimeters
2.5.4.1 EBT2 Gafchromic Film
Film has been used for years in medical physics, specifically in radiation dosimetry
for radiotherapy. Recently the original radiochromic film has been replaced with
Gafchromic EBT film due to advantages in spatial resolution and sensitivity [109].
The initial EBT film has also recently been replaced with EBT2 Gafchromic film
due to improvements in uniformity along with better tolerance to light exposure. The
film is read-out using a flatbed scanner after irradiation and the dose then calculated.
The flatbed scanner uses visible light to read-out as the film is specifically sensitive
to wavelengths of red and blue colour light. Chapter 9 explores whether Gafchromic
EBT2 film is sensitive to Terahertz radiation of frequency range 0-2 THz. This
enables determination of whether or not Terahertz radiation may be used to read-out
the films’ specific radiation dose.
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THz-TDS may be used to determine if any specific spectroscopic resonances occur
from the film. Such spectroscopic resonances can provide information about the
composition of the film. THz-TDS has been used in many applications to determine
material properties such as their refractive index and absorption coefficient. Such
materials include; liquid crystals [110], breast tissue [38], and proteins [111].

Due to the molecular alignment of the Gafchromic EBT2 film, there are slight
variations in the results attained for different orientations. This molecular alignment
is in one direction which acts as a polarizer for visible wavelengths. Since Terahertz
frequencies have a much larger wavelength it is expected that such polarisation will
not occur. This hypothesis is explored in Chapter 9.

2.5.4.2 PAGAT Gel
Dosimetric gels are frequently used in dosimetry. There are many types of gels such
as PAGAT (polymer gels), PRESAGE ( made of polyurethane, which is suitable for
3D dosimetry in modern radiation treatment techniques [112]), and Genipin gel.
PAGAT polymer gels may be read out using x-ray CT scans after complex
radiotherapy treatments [113] . PAGAT is also used dosimetry after IMRT [114],
stereotactic radiotherapy [115] and internal radionuclide dosimetry [116].
Dosimetric gels may be read-out using MRI [117], Optical CT [118, 119] and X-ray
CT. PAGAT has shown to scatter light during optical CT read-out. Terahertz
radiation should scatter less due to its wavelength being larger than the scattering
particles and thus may be a technique which can read-out these PAGAT gels
precisely. First Terahertz spectroscopy should be performed to determine if
Terahertz radiation can distinguish the difference gel radiation dose as performed in
Chapter 9.
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3. TERAHERTZ TIME-DOMAIN SPECTROSCOPY
(THz-TDS): EQUIPMENT AND BASIC METHOD
3.1 Terahertz TDS in Transmission
Terahertz time domain spectroscopy has been outlined in the section (2.2.1.1). In the
basic model the Terahertz pulse from free space in the time domain is transformed
using Fourier mathematics into the frequency domain. This allows the sample
materials properties to be characterised. THz-TDS provides valuable insight into the
optical properties of a large assortment of materials. Terahertz technology is
relatively new with many applications in biomedicine, spectroscopy, medical
imaging and security screening. Terahertz radiation can easily pass through many
packaging materials for security purposes to image potentially harmful drugs or
weapons. Terahertz radiation has also been used to investigate possible skin cancer
detection, early detection of caries, protein transformations, the optical properties of
new materials such as carbon nano-tubes, and much more.

The sample size in THz-TDS is of vital importance. Optically thick samples
(approximately >200μm) have the benefit of no multiple reflections being present
and simple equations such as outlined here, in section 3.1.1, may be used. However
optically thin samples (<200μm) have multiple Fabry-Perot oscillations present in
their time domain signal because they may not be windowed out (like in thick
samples). Hence an iterative approach to discard these multiple reflections must be
used as discussed in section 3.1. The optimum thickness (dopt) when using a thick
sample transmission analysis method has been determined by, to be 2 divided by the
absorption coefficient d opt 

c

  



2

  

[120]. Even thicker samples of large

absorption or high reflectivity are better off in reflection time domain spectroscopy.
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3.1.1 Thick samples
3.1.1.1 Theory
In transmission THz-TDS two TDS signals penetrating the reference and the sample
are obtained in the time domain. The sample material properties can be found by
transforming this data into the frequency domain. The samples are thick, in the sense
that the Fabry-Pérot effect need not be considered in analysis, once an appropriate
window has been used, as mentioned in section 3.1.1. To calculate the optical
properties we begin with the expressions for the electric field E sample  , the
frequency-dependent electric field obtained with the sample in place. All the optical
properties may be the derived from Equation 3.1 [121].





E sample ( )  E reference ( ) T ( n * ) exp  id K * ( )  K 0 ( )

E sample ( )  E reference ( ) T (n * ) exp  id




(3.1a)

    n' ( )  n a  i     
  

     (3.1b)
c
2   c  
 c

E sample ( )

   ( n' n a ) d id  
 T ( n * ) exp   i


E reference ( )
c
2 
 

E sample  

 d i (n' na )2 d 
 T (n * ) exp 


E reference  
c
 2
.

(3.1c)

(3.1d)

Here K * is the complex wavevector, K 0* is the initial wavevector corresponding to
the phase change of the Terahertz pulse through a length of free space equivalent to
the sample thickness [121], T is the Fresnel Transmittance,  is the angular
frequency in radians ( 2 ),  is the frequency in Hz,  is the absorption
coefficient, n * is the complex Index of Refraction,

n'

is the real part of the Index of

Refraction and d is the thickness of the material.  , T, n * , n ' , K * and K 0* are all
frequency dependent. The na is the Index of Refraction of the ambient atmosphere
taken during the reference scan. From Equation 3.1 the equations (3.2b) and (3.5)
are derived, using Maxwell’s equations [122], and the Fresnel equations [93]. First
the TDS spectrum is transformed to give the frequency-dependent phase (  sample ( ) )
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and power ( E sample  2) spectra. These are then normalised with the reference spectra.
The electric field detected after the sample written in terms of the generated electric
field is Esample    E gen  L H    E gen  L exp( iK *d ) where E gen   is the
Terahertz pulse generated by the emitter, L  is the frequency response of the
Terahertz spectrometer including the source and detector, and H   is the transfer
function. Similarly the electric field for the reference is Eref    E gen  L exp( iK 0*d )
. Then Equation (3.2d) is obtained from the imaginary part of Equation (3.1d) as
shown by the following steps:
E sample
E ref





E gen L  exp  iK
E gen L  exp

ln E gen exp iK

*

d

*

d

 iK 0* d

 d i ( n' n a ) 2 d 
 T n * exp 


c
 2


 

 lnT (n ) E
*

gen

exp

 iK *0 d

   2d  i(n'nc)2d  ;
a

(3.2a)

(3.2b)

Mathematically z  r exp i , rewritten gives ln( z )  ln(r )  i . Using this and the
imaginary part of equation (3.2b) gives equation (3.2c), where  is written as the
phase  :
 i sample  ( i reference )  

i ( n' n a ) 2 d
c
,

(3.2c)

rearranged, this gives:
n' 



sample

  reference c
2 d

 na

(3.2d)
.

Numerically here, na (the ambient refractive index of air) is 1.00027011 ±
0.00000003. This is the index of refraction for air at 21 °C with 84% humidity [123]
over the wavelength range (0.15-3) mm. This value changes with humidity but is
always accurate to 5 decimal places, i.e. 1.00027, hence this value is used. If there is
no water vapor in the environment then na is 1. It should be noted that if there is a
lot of water vapor is present the range of the index of refraction must be truncated at
1 THz due to the discontinuity in phase introduced by the water absorption peak at
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1.07 THz [124, 125]. The phase used here when Fourier transformed should be
padded to the maximum amount to reduce phase changes between points exceeding
2 . When computing the Fourier transform the time domain must be windowed for
thick samples. It must be cut off before the samples first multiple reflection. This
range limit can be calculated from equation (3.3), where n is the group Index of
refraction as calculated from the peak heights in equation (3.4).
-

(3.3)
(

)

.

(3.4)

The maximum detector signal (MAXpeaksample) is determined from a Gaussian fit
from the samples measured time domain data and the same for the reference peak.
The peak width of the sample (w) may also be calculated from this Gaussian fit. The
absorption coefficient is obtained from equation (3.5):
 E sample  2

1
,

 ln 
d
 E reference  2  T 2 



(3.5)

where Esample  2 is the power spectra of the sample obtained by a magnitude squared
FFT, similarly Ereference  2 is the reference beams power spectra, r is the reflectivity
and T is the transmittance amplitude coefficient for the electric field, given by the
Fresnel



equation:
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.

The Fresnel transmittance here is referring to the transmittance after the sample
surface (the first interface between the air and the sample) and back (second
interface between the sample and the air), calculated using the Index of refraction (n)
from equation (3.2b). As the beam is perpendicular to the surface (  i = 0°) then from
Snell’s law  t = 0°; thus  cos( 0  )  1 . The Fresnel equation is thus simplified as
shown in Equation 3.6 [122]. The absorption coefficient has bounds where it needs
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to be cutoff due to the noise floor of the specific Terahertz system being used. From
this consideration the largest absorption coefficient that can be calculated for each
sample as in [126] is given by:


 max d  2 ln  DR




n  1  ,
4n

(3.7)

2

where DR is the dynamic range of the experiment which may be calculated by the
magnitude Fourier transform normalized to the noise floor. Otherwise if this cut-off
is not used and the absorption coefficient exceeds  max , the absorption coefficient
will simply equal  max which is incorrect, thus it needs be cut-off before then. This
will not limit the Index of refraction. From the absorption coefficient the extinction
coefficient (  ) can be found:

  n "  nimaginary 

c
4 .

(3.8)

The Index of refraction ( n*  nreal  i ) is related to the material's relative permittivity
(  r ) by n*  c  * in SI. Thus  *   0  r  0 r* 
( n * ) 2   r  r* ,

 r  r*
c

2



(n* ) 2
c2

which, simplified, is

where  r is the relative permeability and is approximately 1 for most

materails.4 From this the real (  r' ) and imaginary (  r' ' ) parts of the relative
permittivity (  r*   r'   r'' ) or dielectric constant is simply the square of the complex
Index of refraction [127] and is given by:

 r'   r

real

 r''   r

 n2   2

imaginary

 2 n

(3.9)

.

(3.10)

From equations (3.9) and (3.10) the complex conductivity may also be found if
using a Time Resolved Spectroscopy system using equations 3.15 and 3.17. The
steps to get to this are outlined in equations 3.11-3.17. First the complex Index of
refraction is defined using the complex conductivity [121] given in equation (3.11)
in a nonmagnetic medium.
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̂

̂

̂

.

(3.11)

Thus the complex conductivity can be calculated from the previously calculated
permittivity,

is the permittivity of free space, ̂

permittivity as generalised permittivity and ̂

is the photo-excited
is the non-photo-excited

permittivity as the static permittivity if using Time-Resolved Terahertz Spectroscopy
(TRTS).
̂
̂

̂ ̂

(3.12)
,

(3.13)

equation (3.12) into equation (3.13)
(3.14)
.

(3.15)

If using a Terahertz time domain spectroscopy system equations (3.16-3.17) also
derived from equation (3.11) may be used [128].
(3.16)
,
where

is the real relative permittivity (as given in equation (3.9)),

imaginary relative permittivity,

is the permittivity of free space and

(3.17)
is the
is the

relative dielectric constant of the undoped semiconductor.

Equations (3.1-3.10) and (3.16-3.17) have been programmed into IGOR pro with
helpful pop-up interactive interfaces; however equations (3.11-3.17) should be
disregarded when a THz-TDS system is in use rather than a Time-Resolved
Terahertz Spectroscopy (TRTS) system. This may be found in Appendix (A-1).
Other procedures to calculate the conductivity are also used in the literature. One
method uses the frequency dependence of the THz-TDS transmittance using a
simple model based on the Drude Model for bulk homogenous materials such as
silicon to determine the conductivity [84, 128]. This method will be explored further
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in section 3.1.4. Whilst other methods using Time Resolved Spectroscopy systems to
calculate the complex conductivity are outlined as in equations [3.11-3.17].

3.1.1.2 Verification of Theoretical model
The procedure outlined in section 3.1.1.1 was verified first using a theoretical model
to ensure the programming of IGOR pro didn’t have any glitches. A simple
Terahertz time domain spectra was taken and modified multiple times to simulate
different absorption coefficients (a=0,0.5,1,1.5,2,2.5mm-1) and refractive indices
(ns=1,2,3,4). The constants; c the speed of light was taken to be 3×108 ms-1 and the
thickness d was 1 mm. The simple equations used to accomplish this are outlined in
equations (3.16-3.17). First the reflectance was simulated using equation (3.18) to
give the amount not reflected from the sample, Tnonrefected , and one measured scan of
filter paper where yorignal and xoriginal are its x and y axis.
 4n  1
Tnon  refected  1  R   y original  
2
 ( n  1)


  y original

.

(3.18)

From this the data E is taken as Tnon-reflected as this is the amount transmitted through
the sample. This was then inserted into equation (3.19) derived from the BeerLambert law.
(3.19a)
.

(3.19b)

Finally the y axis may be written as in equation (3.20),
 4n  1 


2 
 ( n  1) 

.

(3.20)

The x axis in picoseconds is altered to give the correct refractive index using
equation (3.21).
(3.21)
The resultant data can be seen in Figure 16.
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Figure 16. Simulated time domain spectroscopy data.

Often it is difficult to visualize each separate spectrum from a cluttered graph as in
Figure 16; however it has been included to easily see the effect of changing optical
properties. A stacked graph has been shown in Figure 17 to aid in visualization.

Figure 17. Simulated time domain spectroscopy data expressed as a stacked graph.
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Figure 16 and Figure 17 display the effects of the absorption coefficient and Index of
refraction in the time domain. As the Index of refraction increases the peak shifts to
higher time delays, by an amount

, where c is the speed of light (299792458

ms-1). With this increasing index of refraction, the peak height also decreases
slightly due to the increasing amount being reflected off the samples surface. As the
higher the index of refraction (n) the larger the amount reflected as seen in equation
(3.6) for the Fresnel reflection coefficient. If the absorption coefficient is increase
the peak height decreases with an amount proportional to this. From this modeled
data in the time domain we can now model what occurs in the frequency domain by
using a Fourier transform. Equation (3.22) outlines this for a complex Fourier
transform.
∑
where N is the original length of the data and i is √

,

(3.22)

. This is preformed using

IGOR pro. From this calculation the magnitude squared Fourier transform (or the
real part of equation (3.22) squared) gives results as in Figure 18. The units of the
transformed x (THz) become the reciprocal units of the original wave (picoseconds).
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Figure 18. Power Spectra of the simulated data.

Figure 18 displays the power spectra of the theoretical data as a log function. This is
outlined again on a waterfall graph for clarity in Figure 18. Here it is shown against
a linear scale.

Figure 19. Power spectra of the simulated data.
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It can be seen that increasing the index of refraction slightly decreases the power
spectra. This is because the reflection off the sample surface increases with
increasing index of refraction as shown in equation 3.7. As the absorption coefficient
increases the power spectrum decreases as expected. The absorption coefficient also
depends on this term

from the Fresnel equation as shown in equation 3.6. Hence

the index of refraction must be found before calculating the absorption coefficient.

The index of refraction is found using the phase information gathered from the phase
Fourier transform or the imaginary part of equation (3.22). As shown in Figure 20.

Figure 20. Phase Fourier Transform of N=1, a=0.

This phase shown in Figure 20 has to be unwrapped by

to convert the phase into

radians. This is because the conversion from the rectangular coordinates (caused by
taking the complex Fourier transform) into polar co-ordinates to get a real signal
leaves the phase information modulo

.
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Figure 21. Frequency dependent unwrapped phase for simulated data.

Figure 21 shows that the phase is the same regardless of absorption but varies with
the refractive index. The phase increases as the refractive index increases.

The equations (3.2d, 3.5) and IGOR code function well with the index of refraction
and absorption coefficient giving the expected data for the simulated data. They
haven’t all been shown here, as they all agree. Instead some have been selected at
random and are shown in Figure 21 and Figure 22.
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Figure 22. The frequency dependent index of refraction for simulated data with an absorption
coefficient of 2.5 cm-1 is shown here.

Figure 21 shows that the frequency dependent index of refraction calculated using
equation (3.2d) agrees with the simulated input. Similarly for the absorption
coefficient in Figure 23.
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Figure 23. The frequency dependent absorption coefficient from simulated data.

Figure 23 displaying the absorption coefficients while the index of refraction was 1,
verified that the IGOR code was working as in equation (3.5). From this a number of
other properties may be found. The extinction coefficient was found the same for all
corresponding absorption coefficients, as shown in Figure 24, for an absorption
coefficient displayed of mm-1.
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Figure 24. The frequency dependent extinction coefficient for the simulated data at n=4.

This was done for all properties of permittivity and conductivity, using equations
(3.7-3.15), which were found to be as expected. As the code outlined in Appendix
(A-1) works testing commenced on samples with known properties in section
3.1.2.2.

3.1.2 Verification of basic experimental results
The optical properties of well established materials were measured using the method
outlined previously in this chapter. This further verified that the code used
functioned properly. Materials used for this include Water Vapor, Glass, Quartz,
TPX, Silicon, Polystyrene, Polypropylene and Mylar. These materials are used to
build up our own Terahertz database to use the correct materials for the appropriate
need.
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3.1.2.1 Aim
To verify well established optical properties of basic materials, to ensure our method
is correct and works for homogenous samples. The best THz window will also be
established for application in future experiments.

3.1.2.2 Method
An indium arsenide crystal (InAs) is used here to generate Terahertz radiation,
mainly via the PhotoDember effect [96]. A pulsed 12 Femtosecond laser beam is
split into pump and probe beams. The beam is horizontally polarised. The probe
beam is directed onto a 1 kHz chopper and then is incident on the InAs emitter. The
emitted Terahertz radiation is then directed onto a set of two parabolic mirrors which
focus the Terahertz beam onto the sample. The horizontally polarised Terahertz
beam is focused to a diameter of approximately 1 mm. Then the beam is extracted
using identical parabolic mirrors. The Terahertz beam is to recombine with the probe
beam on a ZnTe detector crystal and the polarisation rotation finally sensed by
balanced photo-detectors. The experimental setup is illustrated in Figure 3.

The measurements were taken at room temperature of 21 °C. Atmospheric vapor
was not removed (by evacuation or purging). The moisture is expected to have little
impact on the final results given the normalization of the sample spectra with the
reference. Discrepancies in the spectra at the well-known water vapor absorption
frequencies are attributed to a slight change in the humidity in the air between
reference and sample spectra.

Measurements were carried out first on the free space as a reference then on the
sample. Then another reference measurement followed so that an average could be
taken of the reference, to estimate the experimental error. This was also done to
ensure that the laser had not drifted during the measurement time. The averaged
TDS spectra have been used in analysis and the errors calculated from this. Each
TDS measurement was taken over a scan time of approximately 12 minutes with a
signal to noise ratio of approximately 38 dB.
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This scan time may fluctuate for various samples because they are windowed to
remove multiple reflections and these reflections occur at different times for various
samples. Also some spectra require longer acquisition times if higher resolution is
needed.

3.1.2.3 Results
Results for basic homogeneous smooth surfaced materials such as: Glass, Quartz,
TPX, Silicon, Solid water, Polystyrene, Polyethylene, polypropylene and Mylar, are
displayed in Figure 25 and Figure 26.

Figure 25. Frequency dependent refractive index for various materials.

Glass was found to have n=2.518±0.003 and an increasing absorption coefficient
with frequency, much larger than at visible wavelengths. Analysis was performed to
find each samples frequency dependent real and imaginary refractive index,
permittivity, and optical conductivity however not all of these are not shown here.
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Figure 26. Frequency dependent absorption coefficient for various materials.

No sample displayed discernible “fingerprints”, except for water vapor, as seen in
Figure 26. If they do, they are overlapped by the water vapor “fingerprints” and a
vacuum or dry air is needed in future. These results are summarized in Table 2.
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Table 2. Material Properties for Terahertz database.

Material

Thickness (mm)

Refractive Index (n) N group
at 0.4 THz

Glass

0.826 ±0.001

2.518 ± 0.003

2.52 ± 0.02

Quartz

1.42 ± 0.04

2.10 ± 0.04

2.10 ± 0.04

TPX

3.56 ± 0.03

1.46 ± 0.006

1.460 ± 0.007

TPX

40 ± 1

1.594 ± 0.02

1.54 ± 0.02

Silicon

2.17 ± 0.05

3.1 ± 0.06

3.12 ± 0.05

Solid Water

2.915 ± 0.038

1.61 ± 0.01

1.60 ± 0.01

Water Vapor

220 ± 10

1.00020 ± 0.00001

1.00020±0.00008

Polystyrene

1.96 ± 0.03

1.27 ± 0.005

1.022 ± 0.006

Polyethylene

0.2840 ± 0.0006

1.821 ± 0.004

1.820 ± 0.004

Polypropylene

0.800 ± 0.008

1.54 ± 0.007

1.54 ± 0.02

Polypropylene

20 ± 1

1.64 ± 0.04

1.64 ± 0.04

Mylar

2.000 ± 0.002

1.04 ± 0.00006

1.0432 ± 0.008

Terepthalate

The optimum material for a Terahertz window is Polystyrene, as it has a refractive
index close to air (n=1) and little absorption at these frequencies. Quartz was used as
a holder to investigate Lysozyme. Lysozyme was found to have n=1.39±0.04.

3.1.2.4 Conclusion
The expected results were simulated in Excel varying the absorption and index of
refraction and analysed in IGOR. This was done to verify the equations used in the
new IGOR program which calculates any materials properties. This showed that the
program functioned correctly as the simulated values were correctly calculated from
the Fourier transform showed in Figure 19 and Figure 20. This program was then
used to calculate the frequency dependent properties of many different samples such
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as glass. Glass was found to have n=2.518 ± 0.003 and an increasing absorption
coefficient with frequency. No sample displayed discernible “fingerprints,” except
for water vapor. If they do they are overlapped by the water vapor “fingerprints,”
and a vacuum or dry air is needed in future. For every sample analysis was
performed to find each samples frequency dependent real and imaginary index of
refraction, permittivity, and optical conductivity. However not all are shown here.
Transmission results are comparable to those shown in the Terahertz database [129].
The optimum material for Terahertz window is Polystyrene from these samples, as it
has a index of refraction close to air (n=1) and little absorption at these frequencies.
Experiments in following chapters will have polystyrene holders if possible as this
has been determined to be the optimal material to use as a practical Terahertz
window.

The properties outlined in section 3.1.2.3

agree with those expected [129].

Unknown samples may now be measured with confidence and the procedure and
results are shown in section 3.1.3 using Filter Paper as an example.

3.1.3 Experimental analysis of Filter Paper
3.1.3.1 Aim
There have been many articles published detailing characterisation of these
‘fingerprints’ and material properties in the Terahertz region. These have provided
valuable information and new insight into protein conformational dynamics and
Terahertz detection in security applications. There is a general consensus that the
hydration of proteins strongly affects their function [130]. The ultimate aim is to
study proteins using THz-TDS at differing hydration levels. Structural changes that
occur in proteins during hydration/dehydration can also affect the water absorption
behavior of proteins [130]; this is prominent in the Terahertz region due to its strong
absorption in water.

Firstly, filter paper will be used as a sample to check the method of THz-TDS at
differing humidity using saturated salt solutions. There are currently papers on filter
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paper using other methods such as nuclear scattering experiments yielding
interesting results [131].

3.1.3.2 Method
The method used is outlined in section 3.1.2.2 using this same system Scan times
were again set to 12 seconds. THz-TDS results are taken at approximate Relative
Humidity (RH) of 94%, 81%, 71%, 64%, and 12% using Potassium Sulfate,
Potassium Chloride, Sodium Chloride, Ammonium Nitrate, and Lithium Chloride
saturated solutions respectively. Scans are also recorded equilibrating to the
particular RH%. The references are averaged on either side of these sample scans to
obtain readings at the correct RH. The RH levels are read with a Wavetek meter with
accuracy of 3% RH. Saturated scans are taken over 1 hour.

Ionic salt begins to absorb and dissolve in water from the atmosphere as soon as
the water vapor pressure of that atmosphere exceeds the water vapor pressure of
a saturated solution of that salt. A subsequent decrease of ambient vapor
pressure below that of the saturated solution will result in water vapor being
given off. The salts were fixed inside an air tight box with the filter paper sample
and the Wavetek meter.

3.1.3.3 Results
Results from the THz-TDS system using 7 pieces of filter paper are displayed in
Figure 27.
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Figure 27. Frequency dependent absorption coefficient and scattering for filter paper at
varying humidity.

The filter paper is at room temperature, (21 ± 3) °C, at saturation RH%. Figure 27
shows an increase of absorption and scattering with RH as expected. Scans taken
leading up to the saturation humidity levels also showed this. There are a fixed
number of sites for bound water. As the sorbed water increases with RH these are
filled and the rest are partitioned as free water. The range of Figure 27 has been
limited to 0.625-1.00 THz as anomalies occurred in the range before this. The
absorption coefficients are shown to increase with increasing frequency.

There are absorption peaks present below 0.6 THz, that were initially thought to
increase height and shift to higher frequencies with increasing humidity, as in LiCl’s
(see Figure 28). This data was taken as LiCl was decreasing to its equilibrium of
12%. Scans were taken reference scans were taken before and after the sample filter
paper scan and averaged as a reference.
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Figure 28. Reducing humidity from LiCl taken every 25 minutes.

This was thought to be from the increasing water content in the filter paper at higher
humidity. The index of refraction agrees for all humidity levels however the
decrease in index of refraction corresponding to where the absorption peak varies,
see Figure 29. Errors are large as the averaged reference scans taken before and after
vary greatly due to the different humidity level.
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Figure 29. Index of refraction of Filter paper at relative humidity of 12.2, 28, 35 and 50%.

The stabilized scans from all the ionic salts the peaks didn’t shift so nicely. This is
due to the fact that the net amount of time of the filter paper within the box being
exposed to humidity is different for each. As each salt take a different amount of
time to reach its equilibrium position i.e. KCL took 18.3 hours to form equilibrium
whilst NaCl took 41 hours and LiCl took 2.5 hours. And within this time the filter
paper has absorbed different amounts of water vapor. This is shown in Figure 30 .
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Figure 30. Equilibrated frequency dependent absorption coefficient.

The shift in peaks was not from the rotation of the Filter paper, as different angles
(0-360°) produced the same peak when at the same humidity. The possibility of
other gases present was also ruled out, as there was no current in the salt/water
solution to cause this. Thus the assumption that this is from absorption of different
amounts of water vapor seems valid. The filter paper couldn’t be placed in the box
after the relative humidity had reached its equilibrium as this would require an
opening of some sort that would expose the system to the surrounding environment
and thus change the humidity level in the box. In order to quantify these peaks and
the sorption of filter paper, measurements may be taken when reaching equilibrium
like in Figure 29 or use of a system with variable humidity is needed. Such a system
has been used on the same 7 piece filter paper sample and its transmittance is
displayed in Figure 31. This system is detailed in section 3.2.
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Figure 31. 7 pieces of filter paper in nitrogen purged box.

The absorption peak does not shift with changing relative humidity; rather it stays at
0.63 THz. The different peak positions evident in Figure 30 are not due to humidity
levels. The peak is also not due to the porous surface of the filter paper as this would
result in the same peak everywhere. It is also not due to the rough surface scattering
producing a large amount of scattering needing to be corrected for but not at any
peak wavelength [132]. The peak is due to scattering of the incident wavelengths off
the porous filter paper surfaces, this is known as the Bragg effect. This shifts the
peaks depending on the spacing of filter paper sheets. For a more closely packed
sample of 7 sheets, the peak is at higher frequencies (shorter wavelengths) whereas
for a spaced sample there are multiple peaks at lower frequencies. This is due to a
Bragg reflection occurring between the layers. The Bragg wavelength may be
calculated from:
.

(3.21)

For 7 pieces shown in Figure 31 there is a first order (N=1) Bragg peak occurring at
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0.63 THz, or

of 476 μm. This corresponds to a layer separation (d) of 178 μm.

The second order Bragg peak (N=2) occurs at 1.25 THz and is not within this range.
At lower humidity the range may be extended on this system out to 2.6 THz for a
fully purged scan (section 3.2) and the peak will then be present, as shown in Figure
32. Similarly for the third order peak (N=3) at 1.88 THz, the fourth order peak (N=4)
at 2.5 THz, the fifth order peak (N=5) at 3.13 THz and so on. As the lowest humidity
measured here is 11% and there is a sample limiting bandwidth the range is (0.151.3) not the full (0.05-2.6) THz.

Figure 32. Bragg peaks in the transmittance for 7 pieces of filter paper of spacing 178 μm.

As the other samples were also individually prepared and they have different layer
separations. In Figure 30 the layer separation for KCl is 204 μm to give its first order
peak at 0.55 THz, and for NaCl is 264 μm. The other peaks are smaller and with
many more indicating that the layer separation is not uniformly spaced for KSO,
LiCl and NH4SO3. Rather they for example have different layer separations
between each Filter paper sheet, for LiCl this occurs with separations of; 329 μm
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giving peaks at 0.34 and 0.67 THz, 267 μm giving peaks at 0.42 and 0.83THz, and
finally 243 μm with peaks at 0.46 and 0.91 THz.

One piece of filter paper was then used as a sample to check the optimum thickness
and verify results. This is shown in Figure 33. The range has been restricted to
exclude the Bragg peaks occurring due to layering.

Figure 33. Absorption coefficient and scatter for 0.114 mm filter paper. Dotted lines are linear
fits to data (solid lines).

Results were taken over 10 minutes, five times, for both the sample and reference
then averaged.

3.1.3.4 Conclusion
Absorption lines do not increase with an increase in RH% as they are due to
scattering rather than absorption. Peaks in the absorption coefficient are not due to
absorption but due to the separation of filter paper layers introducing these Bragg
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peaks. One piece of filter paper should be used to ascertain the properties of filter
paper.

3.1.4 When to use other methods
There are also a number of issues with the technique outlined in section 3.1.1 for
some special complicated materials. Materials with high refractive indices such as
metals produce better material parameters using reflection geometry. This is outlined
in Chapter 5. Carbon Nanotubes are one such sample as they gave no transmittance
at all when sampled. Similarly if a sample is too thin such as a polymer film to
characterize its optical properties an iterative approach needs to be used as outlined
in Chapter 4. Other complications such as negative permeability cannot use this
technique to ascertain the materials parameters, one such example are the
metamaterials outlined in Chapter 5.

When a sample has many layers, analysis can be performed as outlined in this
chapter in section 3.1.1 as appropriate for each of the separate parts. However if for
some reason each of the separate parts are unknown and unavailable a stacked
analysis approach may be used (see Chapter 4).

3.2 Commissioning new Terahertz Time Domain system
A commercial system with larger frequency range has also been used for Terahertz
Time Domain spectroscopy. The set up is outlined in Figure 34.
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Figure 34. Z-omega Terahertz Time Domain Spectroscopy system in transmission.

The system uses a modulation frequency of 12 kHz, this is able to be modified but
this gave the best signal with this system. The lock in time constant is also variable
however 30 ms is usually used. A potential difference of 100 V is applied to the
emitter bias resulting in an emitter current of 5.6 mA. The step size used is also
changeable, however 0.013326 pS the delay stage moves 0.999451 μm and the
beam is four folded) is usually used. The Half Power Beam Width (HPBW) or
Full Width at Half Maximum (FWHM) was measured before the lenses to be
1.0±0.2 cm, and after at 0.5 cm off focus to be 0.77±0.02 mm as determined in
Figure 35.
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Figure 35. Determining Half Power Beam Width for a converging beam (a) red dots, and a
collimated beam (b) blue squares. The dotted line emphasizes where y=0.5 cuts each trend line.

The dynamic range of this system in free space (0.7-1.6) THz as seen in Figure 36.
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Figure 36. Dynamic range of free space system (dark blue) and purged system (light blue).

This whole system may also be purged with any gas (dry nitrogen in most cases).
The water vapor absorption lines may also have a negative effect on this reliable
range. The Dynamic Range increases to (0.05-2.6) THz when purged as also shown
in Figure 36.

The signal to noise ratio increases from 66 dB (see Figure 37) to 72 dB (see Figure
38) once purged with dry Nitrogen.
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Figure 37. Signal to noise ratio in air.

Figure 38. Signal to noise ratio of purged system flushed with dry Nitrogen.
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The purged system shows less noise and a higher SNR. Filter paper was analysed in
this system due to its ability to be purged, negating the use of salts to control
humidity as previously detailed in Figure 31. The Z-omega system may also be used
in reflection; this is outlined in section 3.3.

3.3. Terahertz TDS in Reflection
The sample may be placed in reflection in a THz-TDS system. In this case the angle
of incidence is 90 degrees to the sample plane. This method is good for highly
reflective (high refractive index) materials such as semiconductors or thick (highly
absorbing) samples that are too thick for transmission.

3.3.1 Equipment
The sample may be placed in reflection in a THz-TDS system. The same system as
outlined previously in Chapter 3, Figure 35, may be converted into reflection
geometry by replacing the first mirror after the photoconductive antenna in Figure
34 with a beam splitter. The sample is placed outside the box; this reflects the
Terahertz beam back unto the beam splitter. The incident angle is 90° simplifying
the equations used to calculate the materials properties as in equations (2.1-2.17).
The reference mirror is placed in precisely the same position as the sample to obtain
the reference measurement. The reference scan occurs when the mirror is in place.
The mirror is assumed to be 100% reflecting, as it is made from Aluminum.
Equations to analyse this are found in section 4.2.1. Similarly to the transmission
measurements, the SNR in reflection mode is 61 and the dynamic range is (0.2-1.5)
Terahertz when purged and (0.2-1) THz when in free space. The dynamic range is
less than in transmission, as signal is reduced due to the beam splitter losses and
reflection losses. This has been measured the same way as previously outlined,
Chapter 3 section 3.3. These measurements are performed for the large beam of
(1.0±0.2) cm full width half maximum. The beam may also be focused using a lens
with a focal width of 5 cm to (0.77±0.02) mm.
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3.3.2 Methods
There are multiple methods used in THz-TDS in reflection just like
transmission. Reflectance

set-ups

are

capable

of

calculating

the

optical

properties (dielectric constant, conductivity, etc) of optically thick samples such
as highly doped semiconductors [128], characterising biological samples in
medical applications where water content is too high for transmission [58] and
determining liquid content for security screening [133]. Outlined here are two
common methods used for basic solid state samples (section 4.2.1) and slightly more
complicated samples such as liquids and gels (section 4.2.2). Both of these may be
performed on the equipment shown in Figure 34.

3.3.2.1 Using a mirror as a reference
The complex reflectivity of a sample is given in polar co-ordinates by equation
(3.23).
√

.

(3.23)

The aluminum mirror is considered to be 100% reflecting. Thus another sample
placed in the same position will have a reflectance relative to this. This gives the
Reflectance (R) as shown in equation (3.24), where s denotes the sample and r the
reference mirror.
(

)

(

)

(

) .

(3.24)

Equation (3.24) reduces due to the incident and transmitted angles being zero, hence
cos(0)=1. Also

is given by

.

The reflectance is again calculated from the power spectrums computed by
performing a magnitude squared Fast Fourier Transform (FFT) of the time domain
data for both the sample (

) and reference (

) . An example of this is

outlined below firstly in the time domain (Figure 39) for the sample and the
reference mirror. The samples must be placed exactly in the same place or corrected
to achieve the correct phase; this is outlined further in section 3.3.2.3. This does not
affect the reflectance calculation but only those equations dependent upon phase.
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Figure 39. Time domain spectra in reflection geometry for silicon (red dotted) and a reference
mirror (green solid).

This is then Fourier transformed to give the power spectrum and phase as in
equation (3.22). This is shown in Figure 40.
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Figure 40. Frequency dependent (a) power spectrum and (b) phase spectrum of Silicon and the
reference.
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The reflectance is then calculated as in equation (3.24) to be as shown in Figure 41.

Figure 41. Frequency dependent reflection of Silicon.

The reflectance of Silicon was found to be around 30% as in Figure 41. This
is in agreement with that expected as calculated from the Fresnel equation (3.25) of
31% (where the refractive index (n) was taken to be 3.5). The sharp absorption lines
are attributed to water vapor in the air occurring at 0.56, 0.75 THz. The
material properties of the sample may also be calculated using equations (3.93.17). The phase must first be calculated using a FFT to give the phase for both the
sample (

) and the reference (

. This was shown in Figure 40 part (b). From this

measurement the refractive index may be calculated from the Fresnel equations [82],
as given by equation (3.25).
√

(3.25)

The extinction coefficient (k) in (m-1) is given by equation (3.24).
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( √

)
√

(3.26)

From the extinction coefficient the absorption coefficient (cm-1) may be easily found
using equation (3.27), where c is the speed of light 299792458 ms-1.
(3.27)
From these values the other material properties may now be calculated as in section
3.1.1.1. The procedure for this is outlined in Appendix (A-3).

These equations (k and

especially) rely heavily on the phase information. However

in reflection the phase information may be easily maligned by positioning offsets. If
the sample is placed slightly off from the mirror an error is introduced. Ways to
minimize this phase offset are outlined in section 4.2.3. Another way to annihilate
this phase error is to not use a mirror and instead use water on a transmissive slide as
a reference, then use the same slide with the sample material on it as the sample, as
outlined in section 3.2.1. In this was the slide need not be repositioned and no phase
error is introduced.

3.3.2.2 Using a quartz window as a reference
Instead of a mirror being used for a reference of 100%, water is used as a reflection
surface. The samples are mounted using a transmissive slide such as Quartz. Glass is
more absorbing in the Terahertz range, as outlined previously in Chapter 3, hence
quartz has been used as a suitable window. A 0.5 mm path length Quartz cell from
Crystal Labs was used firstly to hold the water and air as a reference, and secondly
with the sample material inside. This is outlined in Figure 42.
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Figure 42. Quartz sample holder for reflection measurements with (a) reference air, (b) baseline
Quartz , (c) reference water, and (d) the sample.

The system has a 5 cm focal length lens inserted (as in Figure 34) 5 cm in front of
the Quartz window. This method has been performed by many groups [134] but has
been improved to account for window reflections by introducing a baseline quartz
backing [8] and by using water and air as a baseline references [135]. The extended
quartz backing is represented in Figure 42 part (b). The baseline is subtracted from
the reference signal so that only the second surface reflection (between the quartz
and air) is used. The back reflection should have a large time delay as to be negated.
This means holders with larger refractive indices such as silicon may be used or
thicker extensions.

The method used here uses water and air as the baseline. In this was Quartz may be
used and larger signals produced (than if silicon was used as it is highly reflective
and losses would be high). Water is used for the baseline calculation and creates a
perfect contact with the quartz window so that there are not multiple reflections in an
air gap. Here the simulated water reflection (taken from a previous scan in
transmission which will have no ringing problems) is compared to the measured
water scan as in Figure 42 part (c). This ringing from the unwanted reflections may
then be determined. This creates a baseline correction for all samples, using this
holder, as in equation (3.28).
(3.28)
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This baseline correction is then subtracted from both the reference (holder with air
as in Figure 42 part (a) and sample (holder with sample, Figure 42 part (d)) scans as
in equations (3.29-3.30).
(3.29)
.

(3.30)

The baseline must be calculated from the known properties of water, air and quartz.
The baseline is calculated as in equation (3.31) in the frequency domain and then
inverse Fourier transformed back into the time domain.
(3.31)
Where M is first given by equation (3.32).

Where,

(

)(

)

(

)(

)

(3.32)

, is the frequency dependent complex refractive index of a

medium with refractive index n and absorption coefficient ( ). The optical
properties may now be calculated without any ringing effects using equations (3.293.30) from the Fourier transform of the corrected time domain spectra (equations
(3.2-3.5,3.9-3.7,3.16-3.17)
(

)

all
(

derived

from

the

equation

) ). The procedure to calculate all the samples

properties is summarized in Appendix (A-4). It should be noted that the known
values for air, water and quartz are taken to be;

, kwater is

measured in transmission, and k quartz is also measured in transmission to give a the
frequency dependent value. The frequency dependent refractive index and extinction
coefficient are shown for water and quartz in Appendix (A-4) for this. In the IGOR
file the complex measured electric field,

and

, is used to calculate

M as in equation (3.32).

3.3.2.3 Improving spectroscopy analysis in reflection
The methods outlined previously such as in section 4.2.1 have phase errors. This
means the placement of the sample need be exact within 1 μm [136], otherwise a
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phase mismatch problem occurs. This may be rectified by building physical holders
to precisely place the sample at exactly the same spot as the mirror [133], by
introducing a plate of known refractive index in contact with the sample [128, 137]
or through other innovative experimental set-ups [136]. It may also be rectified
numerically using the maximum entropy correction method [138], by extracting the
phase from the second-order derivative [139], and by using phase-retrieval
algorithms based on dispersion [140].

3.1 Terahertz Two Colour Spectroscopy
Terahertz spectroscopy is not limited to THz-TDS. Different systems have been
outlined previously in the literature as discussed in Chapter 2, section 2.2. Another
system used in this study is the two colour system. Here two lasers are photomixed
to produce continuous wave (CW) Terahertz radiation. This is performed by fiber
optics, which illuminate the 350 mW lasers on the photomixer. This equipment is
outlined in Figure 43.

Figure 43. Two Colour Spectroscopy set-up.

79

This can be modified for imaging as explained in Chapter 8. For spectroscopy the
detector power (P) is measured, over the desired frequency range (between 0.6-1
THz for this system), without a sample in the sample position and with the sample.
The ratio of these two spectra was used to determine the transmittance as in equation
(3.33).
.

(3.33)

This provides a direct measurement of the power as a function of frequency without
any Fourier transforms being computed as in THz-TDS. The frequency is changed
by one laser being ramped to higher temperatures and hence higher frequencies,
creating a larger frequency difference. The system shown above is not phase
sensitive, however this can be done with two colour systems, if a delay stage or
Terahertz wave air photonics is implemented [141]. Two colour systems provide
higher spectral resolution than other systems relying on femtosecond lasers [44]. The
radiation produced is also much stronger at higher wavelengths.
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4. TRANSMISSION THz-TDS: PREPROCESSING,
IMPROVEMENTS, SPECIAL CASES AND EXTENDED
METHODS
Chapter 3 outlined the basic analysis of a thick slab using THz-TDS. The
assumptions made are:


The sample is homogenous. This is necessary as the material parameters are
spatially and directionally invariant.



The investigated sample is flat with parallel surfaces. In all equations used to
calculate the material parameters the sample is assumed to have negligible
roughness and scattering effects within the sample material.



The Terahertz beam be 90 degrees or orthogonal to the sample surface. Even
a slight variance in angle causes a fairly negligible effect on material
parameters. Thus this error is neglected in material extraction techniques.

Before calculating any of the material properties using equations (4.1-4.17) outlined
previously or in this chapter there is a re preprocessing steps to insure accurate
results:


First any offset in the signals in the y direction must be zeroed. There is
assumed to be a linear offset in the measured detector photocurrent. This
offset is measured over the first 100 points, before the main peak, averaged
and compensated for.



Any noise cancellation techniques are applied as outlined in section 3.4.4 if
applicable.



The reliable frequency range is determined as in Chapter 3 section 3.3.

This preprocessing must be performed before material parameter extraction as
shown here in section 4.1 and in Chapter 3 section 3.1. This Chapter will outline
preprocessing procedures and other material extraction procedures for improving the
method given in Chapter 3 for thick samples or outline methods for special cases
such as:


Thin samples



Stacked or layered samples
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Semiconductor conductivity analysis

4.1 Thin samples
In section 4.1.1 the analysis of thick samples are explored. In the case of thin
samples the Fabry-Perot effects are closer to the main pulse. This means that another
approach needs to be used other than windowing. For extremely optically thin
samples such as thin films another procedure may be used. This is due to the
thickness of the sample having a large impact on sample parameters, and at such
small values the precision of this value must be as exact as possible in order to
retrieve correct optical parameters.

4.1.1 Method for samples of optical thickness greater than 200 μm
For thin samples that still have an optical thickness larger than 200 μm an iterative
approach [142] is used as outlined in equations (4.1-4.10). Minimising the error
produced between a modeled transmittance and measured using an iterative
approach was first performed by Duvillaret [143]. This method has also been
programmed into IGOR and the code is summarised in Appendix (A-2). The
complex Fourier transform is first taken as in equation (4.18). The complex sample
is then divided by the reference as in equation (4.2a) to give the complex
transmittance, equation (4.1).
[
[
(

)

(

)

(

)

(

(

)
)

]

]

[
[
[

]

(4.1a)
(4.1b)
]

(4.1c)

]
(4.1d)

Where FP is the representation of the Fabry-Perot multiple reflections produced
from inside the sample. This term was equal to 1 in section 3.1 as it was windowed
before any multiple reflections and thus not included. Here the radian frequency is
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where ν is the frequency, d is the sample thickness, c is the speed of light
(2.99796 108 ms-1) and n is the complex refractive index. Note air has a complex
refractive index of

. The real (Re) and imaginary (Im) parts of the

Transmittance are given by equations (4.2a-4.2b)
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The argument of T as used in future equation (4.10) to calculate the refractive index
of the sample is given by

. The Fabry-Perot effects are

summarized by equation (4.3).
∑

{

}

(4.3a)

(4.3b)
(

)

[

]

Where r and P are the Fresnel reflection coefficient (
[

attenuation factor ((

) and the

]) in a medium s over a distance d)

respectively. The real (Re) and imaginary (Im) parts of the Fabry-Perot equation,
given by equations (4.3c-4.3g), must be calculated to program this value into IGOR
pro and additionally to calculate the samples properties in later steps.

(

(

)

)

(4.3c)
(4.3d)

(

Where,

(

)

(

)
(

(4.4a)
)

(

))
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(4.5a)

).

(4.5b)

Where a and s are representative of the two mediums (air and sample respectively).

Figure 44. Fabry-Perot effect for a slab.

Figure 44 shows the Fabry-Perot effect for a slab of material. The incident angle
here is exaggerated for clarity. In experiments with the set-up outlined in Figure 44
and in Chapter 3, Figure 34 the incident angle is 90°, or perpendicular to the slab.
This effect still occurs for this angle. The derivation of FP is outlined below. The
amount transmitted through the sample may be calculated by summing all the
transmitted rays for example:
, and

,
∑

,

. Where E0 is the incident electric field, P is

the frequency dependent propagation coefficient of the material and t is the Fresnel
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coefficient (

). Furthermore the propagation of the electric field E 0

entering the material is governed by equations (4.6-4.7).
(4.6)
(

)

(4.7)

Where E(z) is the electric field after the geometrical propagation length z and P1(z)
is the frequency dependent propagation coefficient of the sample material [144]. The
expression for the electric filed penetrating the sample is given by
[

∑

]. Where

are the multiple reflections from the

sample as shown for a 2.43 mm silicon plate using the THz-TDS system as shown in
Figure 45.

Figure 45. 1 mm silicon plate spectra and reference spectra.

This method requires the primary pulse (T 1) and at least 3 of the multiple reflections
(T2, T3, and T4) to be included in the Fourier transform of the sample, else the
procedure will give false results. The pulse amplitude must reach zero, thus long
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scan times are needed otherwise unusable results are given as the number of FabryPerot reflections taken is not an integer [143]. An example of one Fabry-Perot
reflection is shown in the signal in Figure 45. To ensure enough of the spectra has
been measured one can calculate the expected maximum amount of Fabry-Perot
multiple reflections ( ) using equation (4.8).
(4.8)
Where tmax is the time window length (seconds) considered to be the time between
the reference pulse and the end of the measurement [144]. The reference signal
propagates through air, Eref=E0Pa(x). As Pa is the same as Pa(x-d), the complex
transmission is given as in equation (4.9) and may be compared to equation (4.1) to
give the Fabry-Perot effects (equation (4.2)).
[

∑

(

∑

[

)]

]

(4.9a)
(4.9b)

To gain a starting value so that FP can be correctly found, the equations (4.2d-4.8) in
section 4.1.1.1 are used, to give the best initial guess. Thus the initial guesses, n0 and
k0 become equations (4.2d and 4.8) exactly the same as may be derived from
equation (4.1) by taking the real and imaginary parts. For all following iterations the
Hmeas (Equation (4.1d)) is corrected by FP as given in equation (4.2b) using the new
values of n and k derived from equations (4.0-4.1). The next point value of equation
(4.7) and equation (4.8) are then found using the new value of H meas until the theory
converges.
(

[

]

[

])

(

( |

|

(4.10)

)

|
(

|)

(4.11)

)

When the theory converges which it does if equation (4.12) is satisfied, the correct
values of n and k are given.
(4.12)
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This iterative approach yields the corrected n and k without Fabry-Perot effects.
From these values the other material properties are found from equations (4.9-4.17).
First alpha must be found from equation (4.13) rearranged from equation (4.8).
(4.13)
Using this method the correct number of

need to be added depending on which

frequency domain the property is in. This procedure is performed on a 1 mm low
resistivity silicon plate as shown in Figure 45. The optical length (ol) of the silicon is
and thus may be used with this procedure as
the optical thickness (349

is greater than 200

. The properties of the silicon

are shown in Figure 46, Figure 47 and Figure 48.

Figure 46. Effect of Fabry-Perot oscillations on the frequency dependent refractive index for
Silicon.

The equations are converging to the value of N without any Fabry-Perot reflections
shown in blue in Figure 46. The correct refractive index is given by windowing the
time domain data from Figure 45 at (0-37) picoseconds, which still produces
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oscillations. When the window is shortened to exclude the artifact in the reference
pulse at 32 picoseconds (windowed at (0-30) picoseconds), the corrected light blue
line displays less oscillations. The uncorrected data has the Fourier transform taken
over a range of (0-130) picoseconds. Thus the three multiple reflections produce
more oscillations in the material properties.

The procedure outlined in equations (4.1-4.13) is used over this range to correct for
these multiple reflections and is shown in black in Figure 46. There are still
oscillations in the correct property without any multiple reflections due to noise in
the system and other unaccounted artifacts that may need to be removed. Artifacts
should be removed prior to the iteration process to avoid any unnecessary
oscillations. The thickness may also need to be corrected to reduce oscillations as
outlined in section 4.1.4.

Figure 47. The frequency dependent extinction coefficient (k) for low resistivity Silicon.
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From these two values the rest of the material properties may be found, for example
the absorption coefficient is given in Figure 48.

Figure 48. The frequency dependent absorption coefficient for low resistivity Silicon.

This small absorption coefficient is consistent with other previously reported Silicon
wafers [83, 84, 137, 145]. There are also other methods also in used in the literature
to correct the Fabry-Perot oscillations such as outlined in section 4.1.4. Section 4.1.2
outlines a procedure similar to this one for use with even thinner optical sample
thicknesses.

Using this method outlined even smaller optically thin samples (10-100um) are not
able to be confidently determined as equation (4.12) will not converge in this
frequency range.

4.1.4 Other Methods
In order to determine the optical properties of sub 100 μm thickness another
procedure may be used. In this procedure the frequency dependent refractive index
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(or another material parameter may be used) of the sample is Fourier transformed
into a quasi space regime [146]. The Fabry-Perot oscillations (as outlined previously
in Figure 48) correspond in this quasi space to discrete peaks. By iteratively varying
the assumed sample thickness and hence minimizing these peaks the correct
thickness, refractive index and absorption coefficient may be found. The Fabry-Perot
effects are not extracted but rather when the correct thickness is used the FabryPerot effects disappear. The same equation as in equation (4.9) is used and expanded
to equation (4.14b).
∑

[
[

]

]

[

(4.14a)
]

(4.14b)

Where d is the thickness, Pa is the attenuation factor in air and t is the transmittance
coefficient at each interface as shown in Figure 44 and Figure 45 [144]. First the
refractive index may be taken for an initial value of d. The Fourier transform of the
refractive index is thus taken. Equation (4.15) has been used to perform this
operation [146]. Where A represents the number of points and y is the material
parameter (the refractive index in this case).
∑

(

),

k=0,…..,A-1

(4.15)
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Figure 49. QS peak at optical path length of 22 μm (d=15 μm guess) for a thin film.

The discrete peaks may be clearly seen in Figure 49. To minimize these peaks the
thickness is iteratively varied and where the peaks are minimised is the correct
thickness as outlined in [146]. This can be easily graphed by taking one peak value
for each thicknesses and recording its amplitude. Wherever the amplitude is lowest
reveals the correct thickness. The region where this can be reliably performed
depends on the system bandwidth, resolution and the time window of the
measurement.

Nelder mead searches with a Spatially Variant Moving Average Filter comparing a
theoretically calculated transfer function (H) to the measured value of transmittance
have also been used as in [144]. These methods are also highly accurate, especially
when combined with methods to determine the correct thickness such as the total
variation technique with the a Nelder-Mead search [144]. All methods give accurate
material properties, it is simply a matter of preference.
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Stacked or layered samples can also be investigated. Whilst it is easier to
individually measure each layer separately using THz-TDS and determine their
individual optical properties this is not always achievable realistically to obtain
separate materials especially when thin films, dopants and completed devices are
involved. If a Time resolved spectroscopy system is used. The stacked samples may
be analysed from determination of the transmission coefficient using Transfer
matrices or the impedances of each layer in the stack [147]. Methods to determine
stacked samples are outlined in section 4.3. There are multiple methods existing for
calculation of the transmission coefficient for a dielectric stack. Conductivity may
also be found from these methods when using Time-Resolved Spectroscopy systems
(as in section 4.1.1.1). Techniques such as ellipsometry also exist and may yield the
optical constants of thin samples through a completely different technique where the
incident angle is varied [148].

4.2 Methods for Improving Terahertz Time Domain Spectroscopy
Analysis
The general procedure for determining the optical properties of thick, thin, stacked
and layered samples have been outlined previously in this chapter. Often extra
techniques are necessary or useful in the analysis of particular samples. Here a
technique is outlined to determine the absolute absorption coefficient that takes into
account scatter, a method to determine the correct amount of phase correction to add
to the index of refraction, a method to filter out the noise, method to determine the
acceptable range and the way to determine the experimental uncertainties. These
techniques to optimize the analysis from THz-TDS are developing and being
updated all the time, as research into this field increases.

4.2.1 Determining scatter and absolute absorption using two samples
Two samples may be used to correct equation (3.5) by eliminating scatter. Scatter is
a change in the direction of travel of photons in a medium due to index of refraction
mismatches within the medium. The direction of scatter is random and is dependent
on the size of the particulate scattering the radiation, the wavelength of light and the
refractive indices of the media through which it is travelling. For some samples
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where scatter is not an issue equation (3.5) is fine. However many materials do
scatter the Terahertz radiation. This is especially an issue for thick samples, oddly
shaped samples and samples with large particles or inhomogeneous uneven surfaces.
In this thesis mostly even flat shapes have been used, however thickness may cause
an issue. To overcome this, the frequency dependent scattering rate (S) may be
determined using two samples prepared exactly the same however with varying
optical thicknesses [149].
(

)

(4.16)

Equation (4.16) assumes the smaller sample is small enough so as to have negligible
scatter. This needs to be accounted for when planning the thinner sample thickness.
Here dbigger is the path length of the larger optically thick sample. From this the
absolute absorption coefficient can be found using equation (4.17) from the
frequency dependent scatter (S) and the absorption coefficient as calculated in (3.5).
(4.17)
This was done using filter paper of two sizes, 0.114 mm and 0.798 mm. The original
absorption coefficient was calculated from equation (3.5) as shown previously in
Figure 30 and Figure 33.

The smaller sample of thickness 0.114 mm is assumed to have negligible scattering
effects. Equation (4.16) and (4.17) corrects the absorption coefficients displayed
previously.
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Figure 50. Corrected absorption of filter paper at varying humidity.

The effect of humidity is clear when comparing the results from the Lithium
Chloride to other salt solutions, with the absorption coefficient approximately
doubling when going from 12% RH to 64% RH. However, it appears that
varying the humidity from 64% to 94% makes little difference to the corrected
absorption of the filter paper. Increasing the humidity after 64% increases the
amount scattered, possibly due to the filter paper expanding with the increased
humidity. Thus increasing the particle size and amount scattered. This correction
should be done for extremely thick samples where the absorption coefficient simply
increases due to scattering.

4.2.2 Correcting the index of refraction
The Index of Refraction outlined in equation (3.2d) is section 3.1.1.1, may contain a
phase error. This phase error will be by a multiple of the constant π (known as
~3.141592654) added to the sample phase. This can come from a phase offset that
can occur in analysis especially when more than one signal is being averaged. If the
Index of Refraction is known or its shape, this is not an issue. However if the Index
of Refraction is unknown, one must account for the offset by using two samples
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exactly the same but of different thickness. When the two difference thicknesses
computed index of refraction becomes closest to each other for multiple values of
added pi, this is the correct Index of Refraction. As here the two samples agree best.
Figure 51 shows an example of filter paper of thickness 0.114 mm and 0.798 mm.

Figure 51. Frequency dependent Index of Refraction of filter paper with additional phase
corrections.

It can be seen from the blue traces on Figure 51 that the filter papers Index of
Refraction is 1.49 (at addition pi of zero) as this is where the Index of Refraction
agrees (are closest). No phase was needed to be added here, however if for example
the addition of 2 had agreeing refractive index this would have been used.

4.2.3 Error Analysis
Uncertainties are present within all experimental methods. Here they are calculated
using the standard deviation’s and Gaussian error propagation [150]. Multiple scans
are taken so that this may be lessened. The statistical error is then calculated from
equation (4.18) for both the phase and magnitude separately. Where z denotes the
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Fourier transformed data, the phase (

and power spectrum (

), at

each specific frequency.
√

∑
̅

(4.18)

̅ is the average of the entire spectrum used as in equation (4.19).
̅

∑

(4.19)

Where N is the number of scans taken. This may be done for both Fourier transforms
of the reference and sample scans.

The statistical error must then be combined with the additive white noise as from
detector noise and other any other noise in the system. This may be measured by
blocking the Terahertz beam and taking a measurement, or taking an array of points
at the end of the reference and sample signals (in the time domain where there is no
signal). The mean of the noise array is then calculated as in equation (4.19) and the
standard deviation of the noise array (

) may then be found from equation

(4.18). This white noise is then coupled with the statistical variance to give the error
for the sample phase (
spectrum

, reference phase (

, sample power

) and reference power spectrum

) all calculated

separately using equation (4.20).
√

(4.20)

The error for material properties may then be calculated by taking the derivative and
then dividing by the equation used to calculate the optical properties. For example
for the refractive index, as in given previously in equation (3.2d), the uncertainty
may be calculated using equations (4.20-4.21). Similarly for equations (3.5) and
(3.6) corresponding to an uncertainty given by equation (4.21) and (4.22)
respectively.
√(
√

)

(

)

( )

(4.21)
(4.22)
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√(

)

(

)

( )

(4.23)

√( )

(4.24)

√

(4.25)
√( )

( )

(4.26)

√

(4.27)

√(

)

√( )

(

( ) .

)

(4.28)

(4.29)

If multiple scans were not used (only one taken for each reference and sample) then
the statistical error may not be calculated. These equations agree with other
uncertainties found within the literature [144]. The procedure shown here has been
used in the IGOR codes.

4.2.4 Decreasing Noise: Filters and Wavelets
Various methods exist to improve the general theory outlined in section 3.1.1.1. The
Fourier transform in section 3.1.1.1 is unfiltered. If the correct filter or threshold is
picked the unwanted noise in the signal may be eliminated. This may be done by
using a filter when taking the Fourier transform such as a Hanning filter. Many
filters exist to manipulate the Fourier transform and cut out the frequencies that are
unwanted. Some of these include Bartlett, Blackman, Cos, Hamming, Hanning,
Kaiser Bessel, Parzen, Poisson, Riemann and the Hilbert Transform. Simple filters
may also be used such as high pass, low pass and notch filters. In THz-TDS the
noise is unwanted, thus lower frequencies corresponding to the noise in theory may
be eliminated. This may be done using a high pass filter or a Hanning filter. Other
filters may exist to do this, however these are well established filters for this purpose
and have been used here. This is outlined below.
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Figure 52. Power spectrum filtered and unfiltered.

Figure 52 shows that the Hanning filter whilst smoothing out the noise also
unfortunately broadens absorbance peaks. A high pass filter passing all frequencies
above 0.15 THz increases the peak depth and creates an anomaly at 0.15 THz. This
method may only be used in certain circumstances when it is known that no peaks or
signal is expected at the low frequencies which have been neglected. If there is a
chance of a peak at these frequencies and the noise still need be eliminated wavelet
thresholding should be used to filter it out in the time domain before the Fourier
transform is computed. Thresholding in the time domain should be used due to the
negative effects outlined in Figure 52 from filtering in the frequency domain.

Discrete wavelet thresholding may be used to eliminate unwanted noise and hence
improve parameter accuracy. This is done in the time domain by taking a discrete
wavelet transform, filtering/smoothing and then taking the inverse transform to
return the function to its original state but with less noise. There are numerous types
98

of wavelet transforms; in this case we use a Coifman wavelet transform. The
Coifman wavelet was found to be the best for THz-TDS. The Coifman increases the
SNR’s of the data the best out of; Coifman, Symlet, Daubechies and Meyer families
[151].

The Discrete Wavelet Transform operates by taking a signal (x) and passing it
through a low pass filter with impulse response g and simultaneously a high pass
filter with impulse response h, resulting in a convolution of the two as in equation
(4.30) respectively.
∑

(4.30)

This decomposition is repeated to increase the frequency resolution further. The
approximation coefficients are the output from the low pass filter whilst the detail
coefficients are from the high pass filter. Half the signal frequencies have been
removed from this process. The filter outputs are then sub-sampled by 2 as in
equations (4.31-4.32).
∑
∑

(4.31)
(4.32)

Certain parameters must first be computed before taking the discrete wavelet
transform. First the noise level ( ) must be computed as in equation (4.33).
(4.33)
The Signal and Noise are outlined in Figure 53 below.
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Figure 53. Original Time Domain Signal.

From this the threshold (B) may also be found using equation (4.34).
√

(4.34)

Where N is the number of points. Here it takes the Coifman transform, of number 4,
and B may be input to account for the correct amount of smoothing. Other
transforms are possible in IGOR but as this is the best for THz-TDS it is used. This
may be changed in the IGOR code if other transforms are required. Here the
threshold value (B) must be specified. The Discrete Wavelet Transform moves the
wavelet coefficients closer to zero by this threshold amount (B). Once this has been
performed the inverse wavelet transform recovers the time domain signal as shown
in Figure 54.
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Figure 54. Time domain signal after Coifman discrete wavelet transform.

The best method outlined here is known as wavelet shrinkage as it leaves the
frequency domain unchanged except for eliminating noise. Figure 54 and Figure 55
display the resulting data. These have reduced noise without altering the actual
signal and its peaks.
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Figure 55. Original and smoothed DWT power spectra.

Unlike filtering in the frequency domain using Hanning and high pass filters (Figure
52) which result in artifacts, filtering in using discrete wavelet thresholding in the
time domain does not (Figure 55). Many other filtering programs and denoising
programs may also be used to reduce noise, such as Hybrid Fourier-Wavelet Domain
Deconvolution [152] and Kernel Partial Least Squares [153]. Wavelet thresholding
is known to alter the material properties whilst soft wavelet thresholding doesn’t and
has hence been used.

4.2.5 Determining the Reliable Range for the Absorption Coefficient
As aforementioned in section 3.1.1.1 the absorption coefficient must be constricted
to the range in which it is correct via equation (4.7). This is outlined in full here. To
determine the range for any samples absorption coefficient the dynamic range for the
system must first be found. If the experiment is done in free space then the dynamic
range must be calculated from measurements done in free space also. This is
outlined in Figure 56, giving a reliable frequency range of (0.1-1.08) THz.
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Figure 56. Dynamic Range of TDS system in free space.

This, as in Figure 57, was determined by blocking the beam and taking a spectrum to
give the noise, and then taking a spectrum with no sample to give the signal scan,
see Figure 57. However this does not account for noise arising from the non-linear
processes for Terahertz pulse generation and detection.
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Figure 57. Blocked and unblocked spectra in the time domain and the frequency domain (inset).

Similarly again for the system outlined in Figure 58 the dynamic range using the dry
air box was found. The noise floor is smaller when purged with dry air, the water
absorptions are no longer apparent and the frequency range is larger (0.05-1.65)
THz. This is shown in Figure 58.
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Figure 58. Dynamic range of system with dry air purged box.

The signal to noise ratio of the system in free space, (40±7) dB, is given in Figure
59. This compares well with the calculated signal to noise ratio found from the time
domain of 37 dB. This was found using the peak amplitudes in the time domain of
the signal and blocked pulse, rather than their power spectrums. The SNR
calculations are outlined in Equations (4.35-4.36). Where the difference in the noise
is calculated using the vrms of the blocked noise wave.
(

)
(

=37 (4.35)
)

(4.36)
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Figure 59. Signal to noise ratio in free space.

If another system is in use this must be again performed for the new system.

4.2.6 Fourier Transform Optimisation
Many parameters affect the Fourier transform and the noise. Taking longer scans
and step sizes have been investigated to observe the affect on the noise. It was found
that whilst increasing the scan time increases resolution, there is increased noise due
to increased Fabry-Perot effects entering into the signal. If a method which
eradicates the Fabry-Perot effect is in use, longer scan times will give the best
results. The frequency resolution is proportional to total scanning length or the
distance between two neighboring points in the frequency spectrum (

). This is

shown to increase with the length scanned (l) as in equation (4.37).
(4.37)
Increasing the number of points in the time domain without increasing the length
scanned (i.e. decreasing the step size) results in more points in the Fourier transform
and produces a better resolved scan as the amplitude increases and aliasing effects
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decrease. However past a certain number this will not increase the actual resolution
as the resolution is determined by the system. This would result in large scan times
with no real benefit if the frequency is cut off before any aliasing artifacts or by
using a low pass filter before sampling [150].

4.3 Conductivity determination in transmission THz-TDS and the
Drude Approximation
The simplest description of free carriers in response to an applied electric field in a
doped or photoexcited semiconductor (or other conducting material) is given by the
Drude model [147]. This model is a useful starting point in understanding material
properties. The complex Drude conductivity is given as:
(4.38)
where the DC conductivity (

is given by equation (4.39).
(4.39)

Where n is the carrier density, e the electron charge (1.60217646×10 -19 C),
scattering rate (
plasma frequency (

),

is the effective mass,
√

is the mobility,

) and

is the

is the bare

is the vacuum permittivity

(8.854187817620×10−12 Fm-1).

The conductivity of bulk samples and layers may be found using this approximation
to the Drude model. The conductivity of a sample can measured directly using THzTDS, this is outlined in section 4.2.1. The Boltzmann transport equation may derive
this Drude response [145, 147]. For example using a Boltzmann approach equation
(4.40) may be shown.
〈
Where 〈

〉

(4.40)

〉 is the mean free path averaged over the Fermi (F) surface, SF is the area

of the Fermi surface,

is the Planck constant and e the charge of an electron.

Spherical Fermi surfaces are equivalent to the Drude result meaning that the relevant
electrons are those at the Fermi surface with velocity vF.
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4.3.1 Measuring the complex conductivity using THz-TDS
Here a Si wafer is used as a sample as in [84] to calculate the conductivity. A 1 mm
Si wafer with known properties will be calculated to ensure accuracy of this method.
This wafer has intrinsic resistivity of 30
found, using

cm [154]. The complex conductivity was

and

, as given in equations (3.16-

3.17) in section 3.1.1.1, from the already calculated relative permittivity (calculated
using equations (4.1-4.10)). Here

is taken as 11.67 for silicon and

is the

vacuum permittivity (8.854187817620×10−12 Fm-1 ).

Figure 60. Frequency dependent complex conductivity for 30 kΩcm resistivity silicon.

This is similar to that expected for high resistivity’s (similar to high resistivity
silicon of 284.5 cm) found in the literature [128]. The conductivity may then be
modeled using a Drude approximation and compared (as outlined in section 4.2.2).

4.3.2 Modeling the complex conductivity to fit your data
If these values are known a theoretical fit to the conductivity may be compared to
the experimental. This is done using the Drude approximation as given in equation
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(4.38). If N,

and

are known for a sample the conductivity may be fit using

this approximation. The values in the plasma frequency and scattering time are
carrier concentration,

the electron charge (1.60217646×10

-19

C),

the

the effective

mass (taken as 0.21 m0 for electrons and 0.19 m0 for holes [155] where m0=0.511
MeV/c2 is the free electron mass [137]),
(8.854187817620×10−12 Fm-1) and
| |

the scattering rate as

the vacuum permittivity

the mobility. The mobility may be found from

. When

from measured data as outlined

in the procedure in section 4.2.1 at an x-axis (

) corresponding to an x-axis

, provides a direct measure of the scattering rate (

For an example resistance of a silicon plate of
ohm-1cm-1. If at

=1/240000=4.17

240

) [147].

the

is 1/

of 2.08 10-6 the frequency is

approximately 0.89 THz, this would provide an intuitive scattering rate of ~0.18 pS
|

and a mobility of

|

. From this the

carrier concentration may be found using the equation for the DC conductivity,
[145]. Thus the carrier concentration is
cm3. This would give a complex conductivity
for a Si wafer of N=
and

cm3,

,

240

,

0.18 pS as shown in Figure 61.
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Figure 61. Drude model for a silicon plate of 240 kΩ resistance.

This was found using the real (

and imaginary (

parts from equation (4.38), as

shown in equations (4.41) and (4.42) respectively.
(4.41)
(4.42)
This may yield vital information about your sample and its carriers. The
conductivity may normally be expressed as a function of reduced frequency (
where

is the screened plasma frequency (

=

/√

),

).

4.3.3 Determining the carrier concentration and Mobility using a Drude
model fit to the transmittance for stacked and layered samples
The mobility and carrier density may be found as in section 4.2.2 and used to
calculate a Drude fit to the already calculated conductivity. If the mobility and
carrier concentration are unknown the Drude model may be used to fit the measured
transmittance and hence determine them. The complex refractive index must be
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found initially using the frequency dependent dielectric function describing plasma
oscillations in the Drude approximation given by equation (4.43). This model fits
semiconductors well however other models may be necessary for other sample
types.
(4.43)
In this case the frequency dependent complex refractive index is defined as
is the plasma frequency,
time, and

,

the relaxation/scattering

the dielectric function (at infinite frequency/relative dielectric constant

of (11.6 for undoped silicon [128])). Thus n and k may be given as functions of
and

from simultaneous equations to be (4.44-4.45).
√

(4.44)
(4.45)
√

The mobility and carrier concentration (alternatively

and N) here are fitted using

IGOR pro’s fitting function to the measured transmittance data. Outline this and how
to find other values. Here we are using the same silicon sample outlined above so
that we may compare the fitted values to the known. For layered samples where it is
necessary to consider implanted layers the transmission coefficient becomes as in
equation (4.46).
[
(
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(

(

)

)]

(4.46)

)

Where the b terms are give are given by equations (4.47-4.49) and may be set to zero
if the measurement is not sensitive to multiple reflections or limited to a number of
them. If only one layer is used the end b values may be set to 0 and
(
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(

)
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)

(
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)
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)
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)
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set to 1+i0.

[

]

(4.47)

[

]

(4.48)
]

(4.49)
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The substrates refractive index is defined by
similarly the implanted layers refractive index is

with thickness
and its thickness is

,

in meters.

4.3.4 Other models
Other models may be used to better fit the experimental conductivity determined
using THz-TDS. One such example is a Cole-Davidson model that explains n-type
and p-type semiconductors better than the Drude model (as the Drude model cannot
fully explain doped samples) [147]. The Cole-Davidson model is given in equation
(4.50).
(4.50)
Where

is the distribution of relaxation times such that the average scattering time

is given by

. This fit may be reduced to the Drude response when

is 1.
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5. NEMATIC LIQUID CRYSTALS
The literature on LCs had shown ambiguities in the refractive index of some nematic
LCs. Specifically there had been one report using THz-TDS showing the refractive
index of K15 to increase linearly with frequency between 0.2 and 0.8 THz [1]. Later
this group published another article displaying a relatively constant refractive index
with frequency for K15 [156]. Another group, employing a two-colour Terahertz
system, determined a relatively constant refractive index for K15 with frequency
[157]. This experiment aims to correlate the earlier findings from the two-colour
system [157] and the THz-TDS system [156] with our transient-current THz-TDS
system is sought in this chapter. Liquid Crystals have been outlined previously in
Chapter 2, section 2.5.1.

5.1 Spectroscopy Method
An indium arsenide crystal (InAs) is used here to generate Terahertz radiation,
mainly via the PhotoDember effect [96], as detailed in section 3.1.2.1. It should be
noted that the Terahertz beam is horizontally polarised. The Terahertz system used is
has previously been shown in section 2.2.1.1.
The measurements were taken at room temperature of 21 °C. Both liquid crystals are
in the nematic mesophase at this temperature. Atmospheric vapour was not removed
(by evacuation or purging). The moisture is expected to have little impact on the
final results given the normalisation of the sample spectra with the reference.
Discrepancies in the spectra at the well-known water vapour absorption frequencies
are attributed to a slight change in the humidity in the air between reference and
sample spectra.

The nematic LC molecules are aligned using two rare-earth magnets located in a
plastic holder. The plastic holder is held in place using two rods on mounts clamped
to the table, along with a laboratory stand underneath for support. The magnets are
kept in one orientation (horizontal) whilst the measurements for the empty cell and
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LC samples are taken. Then the magnets are reoriented to the other orientation
(vertical) and the reference and LC measurements performed again. The horizontal
orientation corresponds to parallel polarisation of the Terahertz incident beam and
the nematic LC. This routine is then carried out for both LC samples. The
arrangement is shown in Figure 62. Photograph of the experimental setup. (a) The
experimental apparatus. (b) The holder with the empty cell inside with the rare earth
magnets providing a horizontal magnetic field.
b)

Figure 62. Photograph of the experimental setup. (a) The experimental apparatus. (b) The
holder with the empty cell inside with the rare earth magnets providing a horizontal magnetic
field.
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The LC cells were made to slot into the plastic holder, between the rare earth
magnets. Each LC cell is made up of a nominally 1-mm glass spacer with 15-mm
diameter hole wedged between two sheets of 23-μm Mylar foil. This is then encased
by two more sheets of nominally 1-mm thick glass. During the fabrication of the
samples the Mylar foil is stretched and first glued onto the outer glass substrates to
ensure high stability and plain Mylar surface. This is shown in Figure 63 part a. The
cavity created between the two Mylar foils is then filled with the LC. The cavity is
finally sealed with epoxy glue (Figure 63 part d).

e)

Figure 63. LC cell fabrication. a) Assembly of parts. b) Path of Terahertz radiation. c) Cell is
filled with LC. d) The filled and sealed LC cell [157]. e) Photograph of the empty cell, K15 cell
and E7 cell from left to right.

An additional measurement with the holder but without the LC was used as a
reference. The results were then analysed using the equations (3.1-3.10) in section
3.1.1.1 and equation (2.1).
Measurements were carried out first on the empty reference cell then on the sample
cell. Then another reference cell measurement followed so that an average could be
taken of the reference, to estimate the experimental error. This was also done to
ensure that the laser had not drifted during the measurement time. The averaged
TDS spectra have been used in analysis and the errors calculated from this. Each
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TDS measurement was taken over a scan time of approximately 12 minutes with a
signal to noise ratio of approximately 38 dB.

5.2 Results of Nematic LC optical properties
The principal result is that the birefringence of E7 and K15 were found to be in the
ranges nE 7  0.07 to 0.21 and n K15  0.02 to 0.16. Using a linear fit of all the data
between (0.15-1.00) THz they were averaged and found to be nE 7  0.144±0.004
and n K 15  0.103±0.004. The data are shown in Figure 64 over frequency range 0.15
THz to 1.00 THz. This is comparable to nE 7  0.125 and n K 15  0.115 given by
[157] in the range (0.1-0.3) THz.
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Figure 64. The birefringence as a function of frequency for (a) K15 and (b) E7.

The slope of the linear fit, weighted with experimental error bars for both E7 and
K15 is close to zero. This confirms that the LCs birefringence is relatively constant
over this frequency range, and not increasing as first reported previously [1].
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Table 3. Table of extraordinary and ordinary refractive indicies. The birefringence of K15 and
E7 are also reported. Results are first given then compared to other groups.

LC Group/Paper Conditions

ne

no

Δn

K15

This Chapter

At 0.5 THz, 21 °C

1.640 ±
0.006

1.539
0.006

K15

This Chapter

(0.15-1) THz, 21 °C

1.62 to 1.68

1.52 to 1.60

0.02 to 0.16

K15

This Chapter

Average (0.15-1) THz, 21
°C

1.664±0.001

1.562±0.002

0.103±0.004

K15

[157]

At 0.225 THz

1.79

1.67

0.115

K15

[1]

(0.3-0.8) THz, 23 °C

1.77

1.58

0.2 ± 0.02

K15

[158]

At 23 °C,
voltage.

-

-

0.117

E7

This Chapter

At 0.5 THz, 21 °C

1.671
0.007

E7

This Chapter

(0.15-1) THz, 21 °C

1.65 to 1.71

E7

This Chapter

Average (0.15-1) THz, 21
°C

1.691
0.002

E7

[157]

At 0.3 THz

E7

[70]

(0.2-1.2) THz, at 25 °C

using

DC

±

1.532
0.007

±

±

0.10 ± 0.01

0.139±0.014

1.50 to 1.58

0.07 to 0.21

1.549±0.002

0.144±0.004

1.77

1.64

0.13

1.69 to 1.8

1.51 to 1.63

0.12 to 0.21

±

The experimental error displayed in the first row in Table 3 at 0.5 THz is the error in
the measurement at 0.5 THz. This corresponds to the error bar displayed on the
graph and is the standard deviation calculated using the uncertainty in the sample
thickness and the averaged TDS spectra. The largest and most conservative way to
discern the accuracy of the measurements is to view each measurement and its error
across the range, which is displayed in the second line for both K15 and E7 data sets
in Table 3. Displayed in the third row for both K15 and E7 is the average across the
range (0.15-1.00) THz of the line of best fit, weighted using the error bars. This
gives the smallest error as it is averaged over a large frequency range.

Our results for K15 agree within our range to those from [157] and are close to
[156]. Some variation may be due to the 4 °C temperature difference in the
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measurements. Nematic LCs depend on temperature as outlined in [156] and [159]
K15 undergoes the transition from its crystalline to its nematic phase around 23 °C
and into its isotropic phase at around 35 °C [94]. This transition is not exact and
depends on a number of factors such as impurities, thickness and whether the
temperature has been increasing or decreasing [159]. Thus K15 may still be in the
same state for both measurements at 21 °C and 25 °C. However, the birefringence
should reduce with increasing temperature [158]. Variation between our K15 results
and those in [156] may relate to their larger (2.6 mm) sample thickness compared to
our thinner (1 mm) sample. E7 theoretically undergoes a transition from its
crystalline state into its nematic state around 19.8 °C and from nematic to isotropic
at roughly 45.8 °C [94]. Our results for E7 agree with the two other groups, as
shown in Table 3. Slight variations are most likely due to different temperatures,
thickness and impurities as aforementioned for K15. From our TDS results, as well
as the data from a two-colour system by [157] and a TDS system by [156]. it may be
seen that the ordinary and extraordinary refractive indices are constant and do not
increase with frequency as described in the initial work of [1]. The ordinary and
extraordinary components of the refractive index of both K15 and E7 are given in
Figure 65. The extraordinary refractive index is larger than the ordinary index for
both E7 and K15, resulting in a positive birefringence.
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Figure 65. The real part of the refractive indices for (a) K15 and (b) E7 as a function of
frequency.

It may be seen that the components of E7 and K15 are similar as their refractive
indices are close. The ordinary absorption coefficient is higher than the
extraordinary absorption coefficient for both K15 and E7. This is in agreement with
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the statement that the parallel orientation in principle offers lower losses compared
to the perpendicular orientation [159]. The absorption of E7 compared to K15 is
slightly lower for both the ordinary and extraordinary components (see Figure 66).
This shows the mixture E7 has lower losses than pure K15 and is also reported by
[157].

Figure 66. The absorption coefficients of (a) K15 and (b) E7 as a function of frequency.
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The ordinary and extraordinary components of the extinction coefficients for both
E7 and K15 are displayed in Figure 67.

Figure 67. Ordinary (red) and extraordinary (blue) extinction coefficients of (a) K15 and (b)
E7.
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The extinction coefficient is small for both E7 and K15, being around 0.03 and 0.02
cm-1 respectively. Thus these LCs exhibit small absorption losses and high
birefringence in the Terahertz region.

From the optical constants the reflectance, transmittance and absorbance of K15
(Figure 68) and E7 (Figure 69) may be calculated. The transmittance (T) is the ratio
of intensity of Terahertz radiation penetrating the sample to that incident on it.
Similarly the reflectance (R) is the ratio of intensity reflected to that incident on the
sample, and can also be expressed as the square of the reflectivity (r), R  r 2 . The
absorbance (A) is the amount of intensity absorbed by the sample.
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Figure 68. The (a) ordinary and (b) extraordinary transmittance, reflectance and absorbance
of K15.
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The extraordinary orientation has lower absorbance than the ordinary orientation for
both K15 and E7. This is in accordance with the result for E7 from [160].

Figure 69. The (a) ordinary and (b) extraordinary transmittance, reflectance and absorbance of
E7.
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The permittivity of K15 and E7 are calculated and displayed in Figure 70.

Figure 70. The permittivity of LCs (a) K15 and (b) E7 as a function of frequency. The real part
is displayed on the left axis and the imaginary on the right axis in each case.
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5.3 Conclusion
The average birefringence in the range of (0.15-1.00) THz of K15 in its nematic
state was found to be 0.103±0.004. The average birefringence of E7 in its nematic
state was found to be 0.144 ± 0.004. The frequency-dependent real refractive index
(both ordinary and extraordinary) and thus the birefringence of the LCs E7 and K15
are all relatively constant over this frequency range.
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6. CHARACERISATION OF FIBER DRAWN
METAMATERIALS
Metamaterials have been introduced previously in Chapter 2.

6.1 Fiber Drawn Metamaterials
Four methods of fabrication of fiber drawn slotted resonators have been explored
here. These include the method to produce 2D sputtered metamaterials, 3D sputtered
metamaterials, 2D Direct Drawn metamaterials and 3D direct drawn metamaterials.
Section 6.1.1 will outline sputtered metamaterials whilst section 6.1.2 will outline
direct drawn metamaterials.

6.1.1 Experimental verification of sputtered metamaterials resonances
using THz-TDS
The characteristics of sputtered metamaterials will be outlined in this section.

6.1.1.1 Sputtering Method
The fiber drawn method used here was accomplished by a dielectric square preform
being drawn then sputtered on three sides with 250 nm of silver to produce extended
slotted resonators and finally spooled into an array as outlined in Figure 71. This
shows the drawn and sputtered method whose results are outlined in section 6.1.1.2.
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Figure 71. Fabrication process of 2D Fiber metamaterials. i) A dielectric square preform is
drawn, ii) sputtered with silver on three sides and iii) spooled into an array. (b) Optical
microscope image of the metamaterial array. (c) SEM micrograph of i) the cross section of the
metamaterial fiber and ii) of its 250 nm silver coating [97].
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By sputtering metal onto a dielectric fiber of appropriate external shape
metamaterials over many frequency ranges can be designed and realised as in Figure
71. This produces a 2D fiber slotted resonator with an invariant longitudinal axis. If
this is then re-spooled to produce a single flat metamaterial fiber array supported in a
frame of area 3×3 cm2 it becomes a 3D fiber slotted resonator as characterised in
section 6.1.1.3.

6.1.1.2 Characterisation of 2D sputtered metamaterials
These metamaterials exhibit a resonance whose resonance frequency may be
selected in production by controlling the orientation of the coated fiber at the start of
the second spooling process. Each array with differing resonator orientations has
exhibited different electromagnetic properties. The metamaterials’ electronic
properties are dependent upon whether the resonators are symmetric or asymmetric
with respect to the propagating wave [161]. Resonances occur between 0.3-0.4 THz
in the TM polarisation as shown in Figure 72 part (b).

In both symmetric and asymmetric cases we considered fields under normal
incidence (i.e. propagating in the x-direction), with either the magnetic field (TM
polarisation) or the electric field (TE polarisation) directed along the fiber in the zdirection (Figure 72 part (a)). In the symmetric case, the resonator will respond
isotropically along the x-axis (i.e. the transmission and reflection will be identical
whether illumination is from the left or the right), whereas in the asymmetric case it
will respond bianisotropically - transmission and reflection will depend on whether
the light comes from the left or right. This is due to the lack of inversion symmetry
and leads to a magnetoelectric coupling: the magnetic field in z induces an electric
dipole in y, and the electric field in y also induces a magnetic dipole in z, in
particular leading to two different characteristic impedances for two waves
propagating in opposite directions [161].
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Figure 72. (a) Fiber orientation (b) Experimental and simulated transmittance and phase under
TM polarisation. The transmission dip indicates a magnetic resonance. (b) Experimental and
simulated transmittance under TE polarisation [107].
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There is no resonance in the TE polarisation, as shown in Figure 72 part (c). Instead
the metamaterials act like a high band pass filter as expected in simulation (and
analogous to the response of metallic wire-grid structures). This was achieved
experimentally by rotating the metamaterials 90°, so that the electric fields are now
directed along the fiber.

The transmittance in decibels is given from equation (6.1), where

is the

magnitude of electric field measured through the sample and

is the

magnitude of the electric field with nothing in the beam path.
(

)

(6.1)

However further calculation of material properties require another method than any
previously outlined in Chapter 3. This is because μ can no longer be assumed to be 1
as for most materials. Thus the geometries have been modeled using the finite
element solver COMSOL, by Alessandro Tuniz at the University of Sydney, using a
periodic 2-dimensional array of 125 μm Zeonex squares, coated with a 250 nm silver
layer on three sides (using a Drude model [162] for ε and unit cell size 350 μm. A
polynomial fit to experimental data (shown in Figure 73) for the refractive index of
Zeonex (using a 1 mm thick pellet) has been used in these numerical simulations.

Figure 73. Refractive index Re(n) (Full red line on left axis) and extinction coefficient Im(n)
(dashed yellow line on right axis) of Zeonex.
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As such there was excellent theoretical agreement with experimental results in both
fiber orientations and polarisations (Figure 72 (b)-(c)). By extrapolating from this
the parameters μ and ε of the metamaterial arrays may then be found using
simulation.

Figure 74. Real and imaginary parts of the retrieved (a) magnetic permeability, μ, (b) electric
permittivity, ε [107].
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Parameters μ and ε of the metamaterial arrays were extracted from simulations under
TM polarisation using the retrieval procedure presented [161], taking into account
the bianisotropic behavior of our asymmetric fiber array. The results are presented in
Figure 74 parts (a) to (b). The symmetric resonator possesses a minimum μ = -2+2.2i
with no magnetoelectric coupling, whereas the asymmetric resonator displays a
shallower, red-shifted magnetic response due to magnetoelectric coupling, with a
minimum μ = -0.9+1.2i. Correspondingly, ε exhibits antiresonant behavior in the
former case, and resonant behavior in the latter [161, 163].

It should be noted that the transmittance has been measured and from this the
effective parameters of a single metamaterial layer composed of periodic subwavelength resonators extracted. It is known [164] that when considering stacks of
multiple layers, these parameters differ from the single layer case due to coupling
effects between adjacent layers. It follows that the effective μ and ε are dependent
upon whether the layer lies inside or on the edge of an arbitrary stack, and effective
parameters of stacked layers will also depend on the way layers are stacked (e.g.
distance between layers). In such a multiple-layer case, ε and μ can be obtained by
analyzing scattering matrices of two- and three- layer systems [164]. Such an
analysis becomes relevant in the case of a multi-layer system, and is discussed in
section 6.1.2.3. It is also important to note that parameters extracted using the above
method come from matching of boundary conditions, but do not necessarily
reproduce the intrinsic electromagnetic response within the metamaterial [165].

There was excellent agreement between the simulated and measured transmittance
(Figure 72). Combining this with previously presented fabrication of fiber-based
negative ε materials [106] may enable the development of woven negative index
materials, as well as the fabrication of magnetic surface plasmon waveguides and
sub-wavelength waveguides [166]. Advanced weaving techniques should allow the
production of materials with gradients of both positive and negative ε and μ,
providing the opportunity to demonstrate three dimensional cloaks, as well as
hyperlensing from the Terahertz to the mid-Infrared (IR).
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6.1.1.3 The resonance frequencies incident angle dependence for 3D
sputtered then drawn Metamaterials
The angle of incidence was studied by rotating the stacked metamaterial in the
Terahertz beam path. The unpatterned longitudinally invariant samples resonance
frequency shifts to higher frequencies as the incident angle

increases. This

exhibits a strong spatial dispersion which has been seen previously in wire
metamaterials [167]. This is in agreement with theory outlined in [105] (shown in
Figure 75 part (b) section (ii)) explained by the longitudinal invariance and
Maxwell’s equations. The resonant frequency is found to be a function of incident
angle as in the relation outlined in equation (6.2) [105].
(6.2)

√

Where

is the incident angle as shown in Figure 75 part (a),

is the resonance

frequency at normal incidence. The simulated data uses the simulated resonance
frequency at normal incidence to calculate the rest, shown in Figure 75 part (b)
section (ii). However for the patterned fibers the resonance frequency remains
unchanged, experiencing no shift as the incident angle

increases. This may be

seen in Figure 75 for both experimental and theoretical transmittance.

Figure 75. Metamaterial structure of: (a)(i) Unpatterned and (a)(ii) Patterned. And their
corresponding resonance frequency for: (b)(i) Unpatterned metamaterial and (b)(ii) Patterned
metamaterial as a function of incident angle [105].
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6.1.2 Direct drawn metamaterials and their resonances studied using
continuous wave Terahertz radiation
Rather than sputtering the metal onto the fiber to create a three sided open metal
square, the metal may be drawn down with the fiber as detailed in section 6.1.2.1.

6.1.2.1 Direct Drawn Method
Direct drawn metamaterials are outlined in Figure 76 for two dimensional
metamaterials and in Figure 77 for three dimensional metamaterials. Figure 76
shows the direct drawn (results in section 6.1.2.2) and spooled two dimensional
procedure and Figure 77 shows the direct drawn and stacked (3D) method (results in
section 6.1.2.3 to 6.1.2.5).

Figure 76. Fabrication process of 2D fiber slotted resonators. (a) Schematic of the direct-draw
procedure. A 1 cm-sized preform consisting of an outer PC jacket, an indium slotted-cylinder
and an inner PMMA tube is drawn into fiber and spooled into an array. The final array
constitutes a metamaterial layer. (b) Optical microscope image of the cross section of (i) 350
μm, (ii) 300 μm and (iii) 250 μm fiber originating from the same preform. (c) Cross-sectional
image of the spooled 250 μm fibers [108].
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Figure 76 outlines fabricate slotted cylinder resonators in fiber form, which are
longitudinally invariant split-ring resonators. By varying the draw speed more than
100 m of fiber with various diameters of 350 μm, 300 μm, and 250 μm were
fabricated. Here a 1 mm thick foil mad from indium was rolled to encase a polymethacrylate (PMMA) tube of outer diameter 7.5 mm and inner diameter of 3.8 mm
together with a 1 mm PMMA rod to produce a slotted cylinder. A polycarbonate
jacket (13 mm of outer diameter 13 mm and inner diameter 10 mm) then encased
this. The structure was then evacuated and fiber drawn under high tension as detailed
in [108]. Variance of draw speed produces diameters of 350 μm, 300 μm and 250
μm of fiber at 100m length. The cross-sections (optical microscope images) of these
fibers are displayed in Figure 76 part (b). The fibers were then spooled onto a
triangular frame to produce a single flat array as shown in Figure 76 part (a). Figure
76 part (c) displays a microscope image of the 250 um fiber array cross section,
indicating that the resonator shape remains constant throughout the draw process
[108]. This also shows that the resonator orientation is maintained throughout the
spooling process. By changing the draw speed to obtain different sized resonators
also affects the resonator shape and gap size.
If these two dimensional fibers are re-stacked and drawn (as in Figure 77) instead of
mounted, they are then stacked to produce three dimensional fiber drawn
metamaterials.
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Figure 77. Drawing process to produce 3D direct drawn metamaterials: (a)(i) first drawing
process and (ii) stacking and redrawing to produce: (b)(i) 1.9 mm array, (ii) 1.7 mm array, and
(iii) 1.5 mm array [108].

Figure 77 shows the metamaterials (fiber containing a single sub-wavelength
magnetic resonator) like those detailed in Figure 76 being arranged into many such
fibers in a rectangular perform, and subsequently re-drawn into a slab containing
smaller resonators. This production procedure is detailed in full in [108]. Figure 77
part (b) displays the microscope image of the multiple sized cross sections. These
are then cut to 1 cm in length and stacked for the 1.9 mm wide sample with 2, 3 and
6 layers (with the resonators aligned still in the same direction).

6.1.2.2 Direct Drawn 2D Results
The transmittances of the direct drawn metamaterials outlined in Figure 76 are
displayed in Figure 78 part (a). This was performed using the two colour system as
outlined previously in Chapter 3, section 3.2. The two colour system was used
instead of the TDS system as its resolution may be easily controlled and improved
using smaller step-sizes (0.002 THz in this case). Also the two colour system is more
powerful and accurate at these lower frequencies (longer wavelengths); whereas
there is a lot of noise around 0.1 THz using the THz-TDS system.
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Figure 78. Transmittance of 2D direct drawn metamaterials (i)1.9 mm, (ii) 1.7 mm, (iii) 1.5 mm.
a) Experimental and b) Simulation [108].

The transmittance matches extremely well with the expected simulated data
determined using COMSOL by the University of Sydney. The resonant frequencies
shift to higher frequencies as the resonators are scaled down. This is evident in
Figure 78 where fiber (i) 1.9 mm exhibits a magnetic resonance at 0.116 THz, fiber
(ii) 1.7mm at 0.126 THz and fiber (iii) 1.5 mm at 0.158 THz. The magnetic field
inside the resonator opposes the incident field indicating strong magnetic resonance.

The transmittance of the stacked and re-drawn metamaterials, as displayed in Figure
77 part (b), were measured (for a single layer) using THz-TDS as previously
outlined. The metamaterials were placed at the sample position and the reference
and sample spectra taken to determine the transmittance once again as in equation
(6.1). The results are shown in Figure 79 for TM illumination (the incident magnetic
field is parallel to the slotted resonators and the electric field is perpendicular).
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Figure 79. The transmittance for stacked and re-drawn metamaterials performed: (a)
experimentally and (b) simulated for samples (i)1.9 mm, (ii) 1.7 mm, and (iii) 1.5 mm [108].

The resonance frequencies again agree well with COMSOL simulation [108] as
shown in Figure 79. The resonance frequencies were at 0.31 THz, 0.35 THz and
0.39 THz for sample (i), sample (ii) and sample (iii) in Figure 79 respectively. The
magnetic field inside the resonator again opposes the incident field indicative of a
strong magnetic resonance. The second peak are likely due to Bragg effects which
may cause the experimental data to blur out if the Bragg peak is too close to the
resonance. This will be further explored in section 6.1.2.4.

3.1.2.3 Direct Drawn 3D Effect of layers
The transmittance for stacked and drawn metamaterials is shown in Figure 80 with
1, 2 and 3 layers of the 1.9 mm sample as outlined previously in Figure 77. These
were stacked and glued together manually; the outcome under an optical microscope
is shown in Figure 80 part (b).
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Figure 80. (a) Transmittance of 1, 2 and 3 layer samples both experimentally (top) and
numerically (bottom) and (b) optical microscope image of 2 and 3 layer samples [108].

The results in Figure 80 part (a) show the experimental and simulated transmittance
for multiple layers. As the layer number increases the magnetic resonance dip
became more pronounced (at the same resonance frequency) with the addition of
multiple layers both experimentally and in COMSOL simulations.

6.1.2.4 Direct Drawn 3D Bragg effect (6 layers case)
The experimental results for a 6 layered case with six resonators are outlined in
Figure 81. Here 6 layers of the 1.9 mm sample as outlined in Figure 77 are glued
together. The transmittance is measured through the sample through the normal
direction (TM polarisation) is also displayed in Figure 81 to be Direction 1.
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Figure 81. Outline of incident Terahertz beam direction for 6 stacked sample [108].

Direction 2 in Figure 81 corresponds to the sample being rotated 90 degrees to the
incident field. For both directions a magnetic resonance is observed around 0.3 THz
as expected. A first order Bragg response is also observed at 0.4 THz due to the
layer separation being 250 μm. A Bragg response is observed when:
(6.3)
Where is the Bragg wavelength, n is the refractive index of the background medium
(in this case Zeonex (n=1.52)), N is the order (N=1,2,3…) and d is the separation
between resonators (400

m in this case) [108]. This assumes perfect scattering

centers and normal incidence. From this, for direction 1, the first (N=1) and second
(N=2) order Bragg dips in transmission are expected around 0.25 THz and 0.5 THz.
Previously the 3 layer stack clearly showed these peaks as in Figure 80. This is
because the layer to layer separation is 400 μm. Figure 82(a)(i) shows the first order
resonance occurring too close to the 6 layered magnetic resonance to be clearly
resolved via experiment. This is near the experimental peak and slight variations
from the 400um may mean this Bragg peak may shift slightly and overlap the
magnetic resonance. However the second Bragg resonance is clear, near 0.5 THz.
The Bragg resonances are less intense than the actual magnetic resonances.
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Figure 82. The transmittance for (a) direction 1 and (b) direction 2 as outlined in Figure 15
[108].

Metamaterials should be designed so that the Bragg peak is far away from the
magnetic resonance so that they may be used effectively as devices. This may be
done as the Bragg peaks can be predicted accurately from equation (6.3).

6.3 Metamaterial Conclusions
Fiber drawn production of metamaterials is an excellent method of mass producing
metamaterials. This may be used in future in devices requiring large amounts
(kilometers) of metamaterial such as cloaks. Devices in the Terahertz range may
now also be developed using these metamaterials as their magnetic resonance occurs
in this range. This is exciting as production of new Terahertz devices is a current
topic of much scientific investigation.

Fiber metamaterials with negative magnetic permeability in the Terahertz region
have been produced with fiber drawing and sputtering and demonstrated through
THz-TDS to have a negative effective permeability near the resonance frequency.
The production of materials with gradient of both positive and negative effective
permittivity and magnetic permeability may be possible with the use of advanced
weaving techniques. Such materials may provide the opportunity to develop three
dimensional cloaks and hyperlensing from the Terahertz to the mid Infra-Red. The
magnetic resonance may be tuned by scaling the structure.
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The magnetic resonance frequency may also be increased by increasing the incident
angle for longitudinally invariant metamaterials. This shift may be predicted by a
simple model which agrees well with experimental THz-TDS data. The dependence
of the resonance frequency on the incident angle (due to spatial dispersion) may be
overcome by patterning the longitudinally invariant fiber resonators. This was also
verified experimentally.

Scalable direct drawn metamaterials with magnetic resonances between 0.1-0.4 THz
have been outlined and experimentally verified. These two dimensional structures
may then be assembled into three dimensional metamaterials using three
dimensional stacks. Layers of 1, 2, 3 and 6 were experimentally explored. The
magnetic resonance is increases as the number of layers increases; however care
must be taken not to introduce Bragg resonances near the magnetic resonance. The
equation to avoid this is shown. Stacking and drawing of complex performs could
result in sub-wavelength waveguides [166] or fibers with metamaterial claddings
[108]. Using the same structures as here but simply scaling to smaller dimensions
(through further drawing) would results in operation at higher frequencies such as
the mid Infra-Red [107]. The development of woven negative index materials,
subwavelength waveguides and magnetic surface Plasmon waveguides are also
possible if the direct draw technique is extended to direct draw double slotted
cylinder resonators or Swiss roll geometries [108].
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7. TERAHERTZ RADIATION IN THE ENVIRONMENT:
BIOCHAR
Terahertz radiation may have a potential application in helping the environment.
Here Biochar is studied using Terahertz systems and an application sought. Biochar
has potential to sequester carbon, help crops grow and produce faster yields
significantly aiding third world countries. This may potentially solve some global
issues such as famine and global warming. Biochar has been introduced in section
2.5.3. Terahertz radiation may be useful in characterizing various Biochars and
ideally find a way to distinguish their types and constituents.

7.1 Preliminary Investigation
7.1.1 Method
Experimental equipment and procedure used are typical for THz-TDS and can be
found as outlined earlier in Chapter 3. Measurements were carried out first on the
empty reference cell then on the sample cell. Then another reference cell
measurement followed so that an average could be taken of the reference, to estimate
the experimental error. This was also done to ensure that the laser had not drifted
during the measurement time. The averaged TDS spectra have been used in analysis
and the errors calculated from this. Each TDS measurement was taken over a scan
time of approximately 12 minutes with a signal to noise ratio of approximately 38
dB.

7.1.2 Results
Spectra in the time domain have been taken for three different Biochar initial
samples of thickness 4 mm. Saligna char was the only sample of 4 mm thickness not
to greatly absorb the Terahertz radiation at higher frequencies. The small main peaks
of sample thickness 4 mm were used to find the refractive index of the samples
Sawdust and BMC5. The measurements were then performed on thinner samples of
unknown thickness on sticky tape. The thickness was then determined from the first
measurements’ refractive index and the peak positions of the sample and reference
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scan in the second measurement. Gaussian curves were fitted to these peaks and the
thickness determined from equation (7.1):
( Peak 1  Peak 2)c
,
(7.1)
n 1
Where Peak1 is the position of the Gaussian peak of the sample (in seconds), Peak2
d

is the position of the Gaussian Peak of the reference (in seconds), c is the speed of
light (ms-1) and n is the refractive index.

The three char refractive indices are comparable within these. The refractive index
cannot distinguish char type.

Figure 83. Refractive index comparison of Saligna, BMC5 and Sawdust.

When the absorption coefficient (α) is calculated from these THz-TDS
measurements, the distinction between the three different Biochar samples becomes
obvious. This can be seen in Figure 84.
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Figure 84. Absorption coefficient as a function of frequency of Saligna, BMC5 and Sawdust
char.

All three samples differ in terms of the amplitude and frequency dependence of α.
Saligna and BMC5 have two peaks, but at different frequencies. Sawdust Biochar
exhibits only a monotonous increase of α with frequency. These results demonstrate
the potential of THz-TDS as a new technique to distinguish different types of
Biochar.

Another commonly used parameter is the extinction coefficient (Figure 85) which
clearly shows differences in all 3 samples.
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Figure 85. Extinction coefficient as a function of frequency of Saligna, BMC5 and Sawdust
char.

There is a peak at 0.52 THz and 0.58 THz for BMC5 Char. Saligna Char shows two
peaks at 0.40 THz and 0.85 THz. The Sawdust Char again shows a steady increase
with no peaks from 0.2-1 THz. Figure 86 below shows Saligna Char’s extinction
coefficient peaks clearly.
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Figure 86. Extinction coefficient as a function of frequency for Saligna char.

Continuous wave Terahertz systems may also be used to distinguish between
samples at 0.6 and 0.9 THz. The percentage absorbed, reflected and transmitted is
displayed for each sample in Figure 87-Figure 89.
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Figure 87. The absorbance, reflectance and transmittance of Saligna char (thickness 400 µm).

Figure 88. The absorbance, reflectance and transmittance of BMC5 char (thickness 370 µm).
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Figure 89. The absorbance, reflectance and transmittance of Sawdust char (thickness 261 µm).

7.1.3 Conclusion
There are two main parameters, the extinction coefficient and absorption coefficient,
which can distinguish different types of char. The refractive index was found to be
similar in all samples and is not able to be used to distinguish char type.

Future measurements involve precise measurements with various types of char and
over a larger frequency range. The determinants that are causing the differences will
be sought quantitatively. The same packing factor will be used for consistency.

7.2 Distinguishing the differences and constituents of Biochar
quantitatively using Terahertz Spectroscopy
Results for three Biochars as outlined in previously section 7.1.2 and in [168]
displayed distinct variances in their absorption coefficient and refractive index for
Saligna, BMC5 and Sawdust. This spectroscopy result needed to be broadened to
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many chars to see if their group had properties, what is causing the difference, and
whether each individual char may be distinguished.

7.2.1 Materials and Methods
Biochars were kept separate and heated to 180 degrees in an oven, and then sealed
inside either a cuvette or a pellet. The cuvettes whilst work still have Fabry-Perot
effects from the thickness which need be accounted for as well as having too large a
thickness to perceive their structural information from THz-TDS. Main results
shown here are of the pelletised samples in TPX as a reference material. The
pelletised samples were measured using THz-TDS, as outlined previously in Chapter
3, however the environment was purged with dry nitrogen gas surrounding the pellet
and thus no water vapor was present during the scan or reference scan. This means
no water vapor lines will be present in the results and the range may be extended out
beyond 1 THz to approximately 2.8 THz. The absorption coefficient is still limited
by its frequency dependent dynamic range, which can be found where the signal is
attenuated to meet that of the noise floor [126].

30 grams of each Biochar or constituent was added and mixed to the 290 grams of
TPX before reducing the powders density into a pellet. The thicknesses of the pellets
with and without Biochars added were measured; this gave an average packing
factor of approximately 0.18 ± 0.03. The full details of the pellets are given in table
4.
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Table 4. Pellet details.

Biochar/

Mass (g)

Thickness (± 95%

D (Thickness Diff.) ±

Packing factor

Constituent

(±0.001)

confidence)

standard deviation

TPX

0.29

3.44 ± 0.06

NA

1

Hydroquinone

0.322

4.16 ± 0.06

0.71 ± 0.20

0.17 ± 0.05

Rodinol

0.348

4.47 ± 0.06

1.02 ± 0.19

0.23 ± 0.05

BMC5

0.318

4.20 ± 0.06

0.71 ± 0.20

0.18 ± 0.05

BMC6

0.317

3.98 ± 0.02

0.53 ± 0.14

0.13 ± 0.04

Simcoa

0.33

4.13 ± 0.02

0.69 ± 0.14

0.17 ± 0.04

Saligna

0.322

4.22 ± 0.07

0.78 ± 0.22

0.18 ± 0.06

Terra Preta

0.313

4.44 ± 0.07

1.00 ± 0.21

0.22 ± 0.05

The packing factor was calculated using equation (7.2).
(7.2)

7.2.3 Results
7.2.3.1 Cuvettes
The raw samples are studied using cuvettes to determine if Biochar will be
distinguishable in THz-TDS for ease of use out in the field. If this is possible, for
their base form, then field detection and other exciting uses can become a possible
reality. The 4 mm cuvettes showed exciting results with repeating peaks despite
windowing in the time domain to cut out Fabry-Perot effects. This needed to be
further investigated with other sample types such as pellets, so that material
thickness is not an issue. Pellets are ideal for this, however they modify the Biochar
as the raw material is crushed and pelletised together along with a transmitting
substance such as TPX. Meaning field detection is not possible using this method.

The 4 mm cuvette results showed the constituents to have various absorption
coefficients whilst the BMC Biochar seemed grouped. This may be seen in Figure
90.
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Figure 90. Frequency dependent absorption coefficient of Biochars.

Figure 90 shows that chemically treating Saligna Biochar or leaving it chemically
untreated does not affect the absorption properties at all, as both agree within error.
Calcium Carbonate may be a constituent for Saligna Biochar as their absorption
coefficients are close. Simcoa both treated and untreated agreed so far as may be
determined as both were highly absorbing and their frequency dependent properties
unable to be found using such an optically thick sample (4 mm). This was also the
case for Eucalyptus 550°C and chicken manure. However their group refractive
indices were found from the time domain peaks to be 2.2 ± 0.2 and 2.43 ± 0.08
respectively. This may be performed by rearranging equation (7.1) into equation
(7.3):
(7.3)
Simcoa has a similar refractive index to Eucalyptus 550°C at 2.2 ± 0.2. It may be
seen that all the BMC Biochars absorption coefficients are similar and may be
grouped together as in Figure 91. However dry chicken manure was the only
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constituent as shown in Figure 90 to have a similar large absorption to the BMC’s.
Chicken manure is likely a constituent of all BMC Biochars. This is likely all that
will be garnered from cuvette measurements as the large absorption due to chicken
manure may obscure any other constituents. To see absorption peaks and structure
pellets will need to be used.

Figure 91. The frequency dependent absorption coefficient of BMC Biochars.

These are similar to the measured BMC5 as shown in section 7.1.2 as well. Clays
could be different between BMC6 and BMC7 as they were made at different times.
The clay was sourced locally however when excavating the Biochar the excavators
may have gone to slightly different locations in the field. Soils can change
significantly within the 10 meters.

The Eucalyptus Biochars 450°C and 550°C vary phenomenally with this small
difference in heating. This is as the 450°C has unusual organic properties. The
450°C Biochar is much less absorbing than 550°C.
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Table 5. Biochar constituents on a large scale.
Biochar

Known Constituents

BMC5

BMC7

Saligna with chicken manure and clay
from Northern WA. Fe nanoparticles,
rutile rock phosphate, with more MnSO
and MnO present.
Made south of WA from Saligna and also
Simcoa.
Made south of WA from Simcoa

BMC10

Unknown

BMC16

Eucalyptus 450°C

Bamboo (8%), Simcoa (8%), Ebntonite
(4%), and Kaolinitic clay (80%) from coal
mine washeries. Biologically prepared
(bacterial fermentation).
Bamboo (8%), Simcoa (8%), Ebntonite
(4%), and Kaolinitic clay (80%) from coal
mine washeries. Thermally prepared.
Eucalyptus Wood

Eucalyptus 550°C

Eucalyptus Wood

Bamboo

Bamboo Wood

BMC6

BMC17

Saligna
Simcoa
Terra Preta

Unknown

Experimentally Verified
Constituents from Cuvettes
Dried Chicken Manure

Dried Chicken Manure or
Simcoa
Dried Chicken Manure or
Simcoa
Dried Chicken Manure or
Simcoa

Simcoa or Bamboo

NA (this was a possible
constituent for BMC’s)
NA (this was a possible
constituent for BMC’s)
NA (this was a possible
constituent for BMC’s)
NA (this was a possible
constituent for BMC’s)
NA (this was a possible
constituent for BMC’s)
Possibly Eucalyptus 450°C

It is known that BMC5 and BMC6 contain Saligna Biochar in various amounts;
however this is not clearly evident from the absorption coefficient. As their
absorption is much larger than those of Saligna and the peaks cannot be established
due to this large absorption. It is also known that all other BMCs apart from BMC5
contain Simcoa Biochar; this is discernible from their absorption coefficients. As
those containing Simcoa have higher absorption coefficients (more absorbing) than
BMC5 and their refractive index are also higher. Whilst the refractive index of
BMC5 is the same as that of its constituents, Saligna and dried chicken manure.
Careful examination of the refractive index of these raw samples, as shown in Figure
92, reveal that the refractive index are grouped for some Biochars.
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Figure 92. Frequency dependent refractive index of various Biochars.

Most of these refractive index extend to 1 THz, however Figure 92 has been cut off
at 0.5 THz as this is where a couple are limited to. The refractive index of Saligna
Treated and Untreated agree. Dried Chicken Manure (N~1.29) is also in agreement
with Saligna and BMC5. BMC10, Paper Mill sludge, and Calcium Carbonate also
all agree (N~1.54). Terra-Preta is a highly interesting Biochar. Its absorption
coefficient agrees with paper mill sludge whilst its refractive index agrees with that
of Eucalyptus 450°C (N~1.4). BMC6, BMC7 and bamboo have refractive indices
that all agree around N~1.61. BMC16 and BMC17 also have refractive indices that
agree at N~1.66 as expected as they are the same Biochar, simply prepared
differently. This shows that thermal or biological preparation doesn’t alter the
properties of Biochars in this frequency range. Unfortunately these results do not
provide enough information to ascertain constituents. It may provide a method for
distinguishing various types of Biochars using their optical properties. BMC5 and
BMC6 have different optical properties as BMC6 contains Simcoa.
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Varying the moisture content affects results; the refractive index of chicken manure
was approximately 2.2 whilst dried chicken manure was approximately 1.29. It
should be noted that Biochars were heated to 80°C and cooled before measurement
to avoid any moisture issues.

It is known that the Eucalyptus 450°C and 550°C Biochars properties varied widely
as the biological make-up for each is quite different at these temperatures. Samples
mounted as Pellets will be used to determine any peaks and see if these may be used
as a constituent detection method.

7.2.3.3 Pellets
Pellets may be used to distinguish absorption peaks from intermolecular and
intramolecular bonds as they are optically thin samples. Initially the spectra was cut
off before the first multiple reflection from the sample or reference, this is shown in
Figure 93 and was the same for all samples (as the TPX being used as a reference
had the first multiple reflection).
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Figure 93. Terahertz Time domain data of Biochar and components.

This however produced results with oscillations/absorptions corresponding to the
same oscillations as in TPX.
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Figure 94. Transmittance for Hydroquinone referenced to TPX (thick blue), TPX referenced to
air (thick dotted green) measured using the time window as in Figure 93, and Hydroquinone
referenced to TPX measured with window before the multiple reflection of TPX (thin blue).

However if the spectra are windowed at a lower frequency this fine TPX structure is
no longer prevalent and the absorption peaks from the samples may be seen. This
does however decrease the resolution of the peaks and small peaks may be
overlooked. For example hydroquinone’s peak at 1.18 is now much broader after
windowing (Figure 94). All the data cut off around 20 ρS as shown in Figure 95. In
future another packing material such as polyethylene powder should be used to
completely annihilate this effect.
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Figure 95. Windowed TDS spectra.

A Hydroquinone pellet was measured and was found to have the same resonances as
expected, as in [60] and [169]. This is shown in Figure 96. The largest absorption is
at 1.18 THz, with shoulders at 1.02 and 1.35 THz.

Figure 96. Hydroquinone’s absorbance, reflectance and transmittance as percentages.
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Biochars will be matched to see if they display Hydroquinones absorbances and
hence whether they contain it as a primary constituent. Hydroquinone and BMC6
primary peaks may be seen from transmittance measurements shown in Figure 97.
Some biochars resonances are not as easy to spot on a linear scale, for example
Simcoa has low transmittance. Similarly Saligna and Terra Preta may contain
Hydroquinone but this is not entirely clear on this scale. This needs to be verified
from the measurement of their refractive index and absorption coefficient shown on
a magnified scale.

Figure 97. Transmittance comparison of: BMC5, BMC6, Saligna Biochar and Hydroquinone.

Few Biochars show the Rodinol (4-aminophenol) absorption band at 1.15 and strong
peak at 1.69 THz in transmittance. Rodinol measured here has shown the expected
1.15 peak from [169, 170]. Rodinol and Terra Preta have a limited range due to their
maximum possible absorption coefficient being exceeded around 1.2 THz as in
Figure 98.
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Figure 98. Absorption coefficients of Biochars: Hydroquinone and Rodinol with their
calculated maximum range.

This cut-off frequency has been calculated for all samples, and their range has been
limited accordingly. It is difficult to determine the precise reason for peak the
absorptions.

Isomeric

compounds

of

Aminophenyl

include;

Rodinol (4-

aminophenol), 3-aminophenol, and 2-aminophenol. Literature has shown for
crystalline substances such as DNA [171] that the spectral features below 3 THz (in
the low frequency region) are associated with collective vibrational modes of
molecules linked by hydrogen bonded networks [170]. Thus peaks may be attributed
when below 2 THz to be from the collective motion of the molecules linked by
hydrogen bonds. The features above 2 THz are lattice vibrations. The peaks
attributed to inter-molecular interactions not related to hydrogen bonds are at 1.15
THz for Rodinol, 1.17 THz for 3-aminophenyl and are the exception to this rule.
Absorption peaks 1.74 THz from 3-aminophenol and 1.69 THz from 4-aminophenol
are assigned to the collective motion of molecules linked by hydrogen bonds. When
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there is a hydrogen bond present the lattice vibrations of the molecules shift to
higher frequencies. Thus lattice vibrations of aminophenol will appear above 2 THz.
The absorption at 1.30 THz is assigned to wagging vibration of hydrogen of amino
out of benzene plane.

It can be seen from similar transmission structure that BMC5 and BMC6 are similar
in constituents. This is because they both contain the same materials however BMC6
has some additional Simcoa, resulting in less transmission. The dips shown may not
be hydrocarbons but Manganese or another substance such as clay or chicken
manure that makes up the Biochar. It is known that BMC5 has more Manganese
than other Biochars. Figure 99 shows that BMC6 Biochar likely has some Saligna
Biochar in its constituents due to their similar peaks around 0.85 and 1.08 THz.
BMC5 also has the same dips and may be composed of some Saligna as shown here
and as previously outlined in section 7.1.2. Peaks may have shifted when combined
with other components at high temperatures. By heating constituents together, they
can form new ones, BQ and HQ heated and combined form QH [172]. The amount
as they are mixing can be determined using the Beer-Lambert law. The Biochars
have been heated, thus the constituents that are seen are those after they have formed
this char.
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Figure 99. Transmittance displayed as a log.

The Transmittance dips correspond to a critical point in the refractive index.
Wherever dn/dν is negative, where n is the refractive index and ν is the frequency,
there is a resonance [60]. From this Terra-Preta also has a clear resonance at 1.11
THz. All Biochars refractive indices are shown below in Figure 100.
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Figure 100. Refractive Index of pellets.

The refractive index has a large error associated (10%) with it, due to the uncertainty
of the thickness of the pellets. As they are so large they haven’t been included on
Figure 100 so that the dips in index may still be seen. The difference in the reference
and sample pellet was used to calculate the refractive index as in equation (3.2d),
however as the errors with the pellets are so large compared to the small thickness
value (e.g. Hydroquinone d = 0.71 ± 0.20 mm giving a 28% error in (N sample-Ntpx)
and hence an error of 5% in N). This uncertainty is increased for larger values of N.
The refractive index should be used more as a guide to determine resonances rather
than as for the actual value. Even though measurement of thicknesses was done 12
times to calculate an average, the thickness of the pellets varied significantly. Errors
haven’t been shown on the graph for visual purposes. Errors can be seen in the
following table of the refractive index. Despite this Rodinol refractive index is still
close to the literature value of 1.85 as is Hydroquinone’s at a refractive index of 1.6.
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Table 6. Refractive Index of Biochars and possible constituents.

Substance

Refractive Index

Reference Refractive Index

Hydroquinone

1.64 ± 0.10

1.6 [60]

Rodinol

1.50 ± 0.05

1.85 [170]

Saligna

1.60 ± 0.07

1.28 ± 0.04 (Cuvette)

BMC5

1.55 ± 0.05

1.37 ± 0.08 (Cuvette)

BMC6

1.59 ± 0.06

1.62 ± 0.06 (Cuvette)

Terra Preta

1.40 ± 0.04

1.38 ± 0.02 (Cuvette)

Simcoa

1.86 ± 0.11

1.95 ± 0.10 (Cuvette)

The refractive index of Biochars may vary between the pellet and Cuvette methods
as scattering rates will be different due to the smaller crushed grains of Biochar in
the pellets compared to the large grains filled with air gaps from the cuvette. The
resonances have been determined using the middle of the slope ((νmax-νmin)/2+νmin)
when using the refractive index or a LOR fit to the transmission dips. The results are
shown in Table 7 and Table 8. Some constituents in Table 7 have come from the
literature and not our measurements.

m-NA (hydrogen bonding)

0.8

0.83

Quinhydrone (QH) [172]

p-phenylenediamine [169]

p-Benzoquinone (BQ) [172]

Tyrosine (4-

Phenylalanine [173]

o-Nitroaniline [169]

0.96

hydroxyphenylalanine)[173]

3-aminophenol [169]

(4-aminophenol) [169]

0.64

0.87

2

1.02

1.02

1.07

1.26

1.2

3

1.18

1.18

1.41

1.42

1.38

4

1.35

1.35

5

1.57

1.15

1.15

1.21

[169]

0.87

Rodinol measured

1

[60, 169, 172]

Hydroquinone (HQ)

1.17

Constituent

Hydroquinone Measured

Table 7. Known absorbances of possible constituents.

0.92
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All of the main peaks from the Biochars are shown in Table 8 as found from the
refractive index and transmittance/absorption coefficient. The various Biochars each
have peaks in places unique to them, this may be used as a method to distinguish
their various types. Only the main peaks are used as the others may be from TPX.
Table 8. Biochar absorbances. If the peak is the same as a constituent in Table 7 it is shown in
that colour.

Biochar
Peak 1

Saligna
1.09

BMC5

BMC6

1.07

Peak 2

1.27

Simcoa
0.98

Terra Preta
1.11

1.22

All signatures are different enough to be distinguishable from these absorption
peaks, once put into pelletised form. For example the BMC5 and BMC6 both have
their

most

prominent

peaks

likely belonging to o-Nitroaniline and p-

phenylenediamine respectively. Unfortunately no constituents were 100% certain
from these peaks. Especially as not all these peaks are present. It seems likely that
Terra Preta contains o-Nitroaniline as it has dips in its refractive index at similar
places to o-Nitroanilines peaks 0.64, 1.07 and 1.41 THz. Verifying constituents may
require the use of a program such as GAUSSIAN or Nuclear Magnetic Resonance
experiments to check the constituents.

The absorption coefficients of these Biochars are displayed in Figure 101. This was
calculated as in section 3.1.1.1, using the difference in pellet size (sample pellet
thickness minus the TPX reference pellet with the same amount of TPX as the
sample) as the thickness. The refractive index was also calculated in this way with
the refractive index of TPX’s being added as na=1.357 rather than that of air (with
water vapor) na=1.0027.
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Figure 101. The frequency dependent absorption coefficient of Biochar pellets compared to
Hydroquinone and Rodinol.

The reliable range for the absorption coefficient must be calculated as in equation
(3.7) [126] and was previously shown in Figure 98. The dotted line showed the
maximum value of alpha. From the absorption coefficient the amount of each
component may be determined using the Lambert–Beer law as outlined in equation
(7.4) [169].
∑

̂

̂

̂

Where Mi is the weight of each individual pure substance and

(7.4)
is the absorption

coefficient of each individual the pure mixture. This may be performed for all of the
main peaks of each Biochar and its constituents surmised once all the constituents in
the mixture are known. The method for this is outlined in [169]. This hasn’t been
performed here as the regression is unknown, peaks overlap, not all constituents are
known and thus the analysis is extremely complex. Not all constituents have been
found or been listed with 100% confidence. To be certain x-ray diffraction or
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knowledge of all the constituents should be performed or known. A larger database
of constituent materials to more accurately describe the Biochars constituents is also
needed.

7.2.4 Conclusion
The raw material measured in cuvettes showed differences in optical properties with
various Biochars and constituents. BMC5 and all other BMC’s containing Simcoa
have different properties. This method can distinguish different Biochars but not
distinguish their constituents. Thus pellets were used to determine the Biochars
absorptions and showed different fingerprints for each Biochar. This method may be
used to distinguish Biochar constituents quantitatively once all the constituents have
been identified absolutely. Biochars such as Saligna treated and Saligna untreated
were found to have the same optical properties regardless of chemical treatment.
Similarly thermal or biological preparation doesn’t alter the optical properties of
Biochars. BMC5 Biochar has the same refractive index as its constituent’s dried
chicken manure and Saligna.

Pellets are shown to be the most effective at analysing the various Biochar properties
using THz-TDS. The constituents of all Biochars were investigated and compared to
likely constituents such as some hydrocarbons. The main peaks are different for all
Biochars. As these signatures are different their constituents may be quantitatively
found. A larger study of all possible constituents is needed to quantify the
constituents. The use of software such as CHARM or GAUSSIAN would aid in this
study, so that peaks may be described fully.
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8. IMAGING WITH TERAHERTZ RADIATION
8.1 Background into Terahertz Imaging
Applications for Terahertz imaging currently or potentially may include: biomedical
imaging [9, 174], detection of structural defects [175], drugs testing [176], defense
and security applications [75], art analysis/reconstruction [177] and medical
imaging. Examples of medical imaging applications include: wound healing [26,
31], detection of carcinomas [30] and breast cancers tumor margin definition and
detection [38]. There have been many Terahertz imaging review articles [4, 12, 178,
179] stating the potential for T-ray imaging.

8.2 A comparison of Terahertz with x-rays
X-ray and T-ray imaging are vying to be used for shared purposes such as security
screening, material quality assurance and medical imaging. X-rays are a developed
technology with good resolution, providing sharp images for materials with high
atomic numbers provide greater image contrast for example metal scissors, bone and
circuits. T-rays are shown to be more effective at imaging materials with lower
atomic numbers these are materials for which diagnostic x-rays provide low or no
contrast. X-rays have better spatial resolution than the T-ray systems used here;
despite this their contrast mechanisms are highly different.

Theoretically as a recent paper [4] states, T-rays have some advantages over x-rays.
These include lower Rayleigh scattering compared to x-rays as well as being less
harmful to biological tissue. T-rays have low photon energies (for example, 4 meV
at 1 THz) and are therefore non-ionising. Hence the object imaged is not subject to
potentially harmful ionising radiation unlike imaging with x-rays, where patients
need their exposure limited to decrease the risk of future cancer development. For
instance Terahertz Pulsed Imaging (TPI) can detect dental lesions similarly to
Microfocus Computer Tomography which uses x-rays to reconstruct a 3D image
[27]. However TPI would be beneficial as it is non-ionising and is less invasive. X171

rays will most likely never be replaced by T-rays but in most applications will be
complimentary. For example there is no correlation between T-ray material
parameters and a x-ray CT number [55] thus the potential to use T-ray radiation as a
non-invasive probe of bone quality is limited. X-rays have advantages over T-rays in
some applications and vice versus. This chapter aims to prove and disprove some
notions comparing x-rays and T-rays quantitatively by providing images of the same
samples, using both T-rays and x-rays, for direct comparison.

To do this image quality needs to be assessed. Usually this is done using simple
methods to establish contrast, sharpness, signal to noise ratios, resolution and any
artifacts. To determine image contrast here where there are both dark and bright
features taking up most of the image, the Michelson Contrast formula is used, see
equation (8.1). Where I is the intensity.
(

)

(8.1)

Most proposed Terahertz (T-rays or THz) imaging applications exploit the unique
capabilities of Terahertz radiation to penetrate common packaging materials and
provide spectroscopic information about the materials within [179]. Imaging through
packaging using T-rays has been demonstrated many times, e.g. chocolate being
imaged behind its wrapping using an x-y stage [180]. Current imaging techniques
include imaging using broadband raster scanning, the time domain approach, time of
flight imaging [181], 3D tomography [43], video-rate imaging [182], single shot
imaging [183], and continuous wave imaging. Techniques have also been developed
that image below the diffraction limit to provide better resolution. These include
near-field imaging [184], near-field optical microscopy [185] (spatial resolution of
150

m), and emission imaging [179]. This paper demonstrates a blackbody or

broadband source and T-ray laser which both raster scans the image. Imaging
techniques developed after this are more advanced, providing faster acquisition
times and generally higher resolution images. However due to the power of the
globar (approximately 120 W below 1 THz [186]) and the T-ray laser (10-100mW)
images may provide better SNR than time domain spectroscopy (TDS) systems.
Each system has its own unique advantage for instance TDS systems are capable of
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determining the phase of the electric field and hence able to identify materials using
the materials refractive index. The field is not limited to the images shown here,
these images outline what T-rays are capable of imaging with a direct comparison to
x-rays. Higher spatial resolution is achievable and will advance further with new
techniques and advances in technology.

8.2.1 Imaging equipment and methods
To give the broadest overview of Terahertz and x-ray technology in imaging, a
myriad of experimental equipment is used to gain both image types. In this way a
variety of image contrast and resolution is displayed to achieve the best images
possible,

obtain

images

at

various

energies,

and

to

compare

any

advantages/disadvantages. Towards this end we have used; a broadband thermal
source (globar), optically-pumped laser and photomixing (two colour system), for Tray generation. The globar is simply a rod of silicon carbide heated by passing an
electric current through it until it glows [186]. Many detectors have been tested and
the best selected for imaging. A Bolometer and Pyroelectric detector are used in
conjunction with the globar with signal to noise ratios of 68 and 84 respectively. The
detectors had black polyethylene filters to screen out incident infrared radiation. For
each image the signal is taken at each point using an x-y stage after chopping.

Two room temperature detectors, a Golay Cell and a Schottky detector, have been
used in the two colour system. The two colour system set-up using the Golay cell is
a continuous wave system with a broadband detector. In this case the physical
chopper used to modulate the input is replaced by biasing the emitter with a 13.5 Hz
sine wave signal of amplitude ±8 V to decrease background thermal radiation
apparent when using a chopper. If the Schottky detector is used in the two colour
system the emitter is biased by a 1 kHz sine wave and allows for faster scanning
times. Even faster times are possible if this chopping frequency is increased, and can
be increased up to 25 kHz as in [44]. Further details of the T-ray imaging systems
can be found in Figure 102 illustrating the glow bar system and previously in Figure
43. In Figure 43 the set up is for spectroscopy, however if a X-Y stage is placed in
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the sample position and fed back to the computer and lock-in, imaging may be
performed. The detector used may be a Schottky Detector or a Golay Cell.

Figure 102. Experimental T-ray Imaging Set-up of: (a) Two colour system with Schottky
detector shown and (b) the globar source.

The Terahertz laser set-up is outlined previously in [186], the two colour system has
also been outlined previously in a spectroscopy set up in Chapter 3, section 3.1. The
step size for these raster-scanned images has been kept well below that of the
incident wavelength (for CW sources), so that the resolution is only limited by this
wavelength. Even when imaging using sub-wavelength techniques, the lowest step
size available 0.1 mm, providing the ability still image up to and including 5 lp/mm
(the most closely packed on the Leeds test phantom). T-ray images have been
compared to diagnostic x-rays obtained using two methods. The first is an image
guidance device mounted perpendicular to the linac head on a linac gantry. The
device tested was mounted on a Varian 21EX Linear Accelerator. This device is
known as an “On-Board Imager” (OBI). It uses a 150 kV x-ray tube source for x-ray
generation and an amorphous silicon flat-panel x-ray image detector. The second
method, providing lower energies is from a Gulmay-kilovoltage/Orthovoltage unit
set at 50 kV. Flat panel plates are not used on these devices hence Gafchromic EBT
film was used as a detection method. The films were then scanned and thus
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transformed into a digital image using a flathead scanner and Image J analysis
software. OBI is used for image guided radiotherapy and Orthovoltage units usually
for palliation and skin treatment [187]. Superficial/Orthovoltage machines typically
produce x-rays (200-500 kV) using an x-ray generator. The X-ray generator is
basically an X-ray tube with a cooled anode. This Gulmay-kilovoltage/orthovoltage
unit can produce 40–300 kV [188].

Figure 103. X-ray experimental set-up for (a) On Board Imager and (b) Orthovoltage unit with
film.

Whilst Orthovoltage machines are typically used for producing higher energy x-rays
than OBI, we have used it here to do the opposite due to this unit’s large range, see
Table 9. It has been used at 50 kV using film as the resolution is better than OBI and
may provide object outlines where the OBI doesn’t. Overviews of each system are
outlined in Table 9.
Table 9. T-ray and x-ray systems.
Equipment

OBI

Orthovoltage

Output

x-rays (50150 kV)
3.75 kW
at 75 kV

x-rays (50-250
kV)
1 kW at 50 kV

Varian
Flat-bed
Panel

EBT
Gafchromic
Film

Power

Detector

T-ray
Laser
(0.1-1)
THz CW
(101-102)
mW

Globar

Golay
cell

Bolometer,
Pyrolectric

Broadband THz
and Infrared
120 W

Two Colour
System
(0.06-1)
THz CW
10 W at
1THz
Golay cell,
Schottky

THz-TDS
(0.1-2) THz
Broadband
Few η W with
peak powers of
order 101 W
Electro-optic
balanced
detectors

The Terahertz Time Domain Spectroscopy (THz-TDS) system has been used for
spectroscopy as outlined previously in Chapter 3 and [110].
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8.2.2 Results
8.2.2.1 Images
It can be seen that for objects of a high atomic number, x-rays have many benefits
over T-rays. Both x-rays and T-rays can distinguish scissors hidden within a paper
envelope. This is shown in Figure 104.

Figure 104. Hidden metal scissors imaged with: (a) T-rays on the two colour system with a
Schottky detector at 0.1 THz, (b) the same T-ray image reconstructed as a 2D colour map and
(c) diagnostic x-rays on the OBI at 144 kV.

The x-rays provide better resolution for metal as the number of pixels 1024×768
(0.79 megapixels) in the x-ray image is much greater than the number in the T-ray
image 52×50. X-rays have a limiting spatial resolution of approximately 50 μm due
to Rayleigh scattering [15]. T-rays will generally be expected to have lower
resolution for all comparative images, as the detection method used here for the Trays is fairly primitive, relying on an x-y stage to raster scan the image and the
resolution is limited by the wavelength (e.g. 0.3 mm at 1 THz). T-ray image
resolution may be improved here by using larger wavelengths, taking smaller step
sizes, increasing time constants and thus waiting longer for image acquisition. Other
detection methods may also improve this such as; an array or source array and
detector. By performing some image reconstruction the contrast between the scissors
and envelope is heightened as in this T-ray image shown in Figure 104 part (b). It
can also be seen in Figure 105 part (a) section (i) that applying an intensity plot to a
2D T-ray image of matches inside a matchbox similarly aids visualisation.
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Figure 105. Matchsticks in box imaged using: (a) globar and bolometer: (i) 2D intensity plot, (ii)
original image, (b) 75 kV OBI: (i) original, (ii) enhanced contrast and inverted and (c)
Orthovoltage at 50 kV: (i) cropped enhanced contrast and inverted, (ii) original. The x-ray
images (b)(ii) and (c)(i) have been inverted to compare with the T-ray image of (a). Absorbing
materials are shown in black and lighter shades indicate no attenuation.

Both x-rays and T-rays can distinguish the matches inside the matchbox as seen in
Figure 105. However there is a plausible use for T-Rays in imaging materials with
lower atomic numbers such as biological tissue. For example a leaf is detected using
T-ray imaging (the two colour system and TDS system both with the Golay detector)
but cannot be imaged using x-rays on the OBI images at any voltage. The leaf is
barely detected using the orthovoltage at 50 KV. This is shown below in Figure 106.

Figure 106. Hydrated leafs imaged using (a) visible camera (b) T-rays on the two colour system,
image is of the same leaf with a transmittance of 1 (c) (0-1) THz broadband imaging from TDS
system using 1 mm steps (d) x-rays on orthovoltage unit at 50 kV of same leaf (e) T-rays on the
two colour system, image is of the same leaf with a transmittance scaled to 0.8 for clarity and (f)
(0-1) THz broadband imaging from TDS system scaled to 0.16 transmittance for clarity.

There are superior T-ray imaging detection methods outlined in the literature such as
a charge-coupled device (CCD) with optical up-conversion [189]. This has been
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used on dried leaves to show better image quality and faster acquisition times. The
T-ray images in Figure 106 show clear definition of the leaf’s veins whereas the high
kV OBI x-rays displayed no outline of the leaf whatsoever. Thus the Gulmay D3300
unit (producing superficial 50 kV x-rays) was used to ensure this wasn’t simply a
product of high energy, as shown in Figure 106 part (c). Various images of this leaf
were taken both freshly (within 3 hours of being excised) and dried (days as well as
months after being cut from the plant) however none were able to be distinguished
using the OBI (at various energies). This outlines the ability of T-rays to image leafs,
and display their veins and hydration levels extremely well. T-rays are more
absorbent in water than x-rays as T-rays have high attenuation due to water of 3001000 dBcm-1 [48], causing this sharp definition of the leaves veins. The best image
of the freshly excised hydrated leaf is shown in Figure 106 (part c and f) using a
broadband source. Similarly bubble wrap injected with water also displays this high
contrast (Figure 107) using a broadband (globar) source.

Figure 107. Bubble-wrap filled with air as normal; one bubble has been injected completely
with water and imaged using: (a) T-rays with a Pyroelectric detector and globar source, (b) 50
kV orthovoltage and (c) 75 kV OBI image has been (i) blown up inverted water bubble with
enhanced contrast, or is the (ii) original image.

The water filled bubble may be distinguished using both x-rays at 75 KV and
broadband T-rays. Only the T-rays provide definition of the air filled bubble-wrap.
The T-ray image clearly depicts better definition of the water compared to the
inverted OBI x-ray image of resolution 1024×768 (0.79 megapixels) with effective
resolution of 36×40. Figure 107 part (b) an image on scanned film appears pixilated
due to the scanners low pixel resolution of 258×146 (effective pixels of 54×54),
whereas the T-rays are strongly absorbed by water and shows a clearer easily
defined image (effective pixels of 100×200).
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Figure 108 clearly shows the variation in T-rays, x-rays and visible light in imaging.
Both the visible and T-ray spectrum reveal the cards intricate writing and numbers
upon the front. The T-rays can clearly show the magnetic stripe on the top of the
credit card at the back of the card which is not evidenced in the visible (unless the
card is flipped over to reveal the back) or x-ray regions. Similarly the RFID chip can
be seen in the broadband T-ray image and is enhanced by imaging using a T-ray
laser operating at 2.5 THz [186]. The coherent monochromatic source is able supply
greater power and hence resolution. The RFID chip is also clearly evident in the xray images but not in the visible. The x-ray images, Figure 108 parts (d-e), show a
nice outline of the cards shape and chip detail. This is not surprising as x-rays are
commonly used for Quality Assurance in printed circuit board production facilities
as high resolution x-rays can detect the tiny circuit connections, solder joints and any
breakpoints. Both x-ray and T-ray images provide different information about the
credit card. Neither low power x-ray nor T-ray used in security screening would
damage the credit card.

Figure 108. Credit Card imaged using: (a) Monochromatic T-ray laser at 2.5 THz, (b) T-ray
globar, (c) visible camera, (d) x-ray on orthovoltage 50 kV and (e) x-ray on OBI 75 kV. T-ray
images donated from [186].

Surface definition of plastic is higher using T-rays in Figure 108. The surface of a
polyethylene cups ridges is apparent in Figure 109 part (a) in the T-ray region.
Whilst the x-ray image of the same object, Figure 109 parts (c-d), display definition
of the cup edges and bottom as well but display no inner ridges.
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Figure 109. Polyethylene plastic knife hidden half inside a Polyethylene plastic cup imaged
using (a) broadband T-Rays, (b) 75 kV x-rays on the OBI with enhanced contrast.

This shows that T-rays may be better at ascertaining surface features than x-rays. In
this way T-rays have been used in surface material testing as outlined in [40], and
CT surface T-ray scanners are developing. Low 50 kV superficial images at the
same energy as OBI provide better resolution and image quality as expected with
Gafchromic film compared to a flat panel detector. Both x-rays and T-rays are able
to image a highlighter tip extremely well, see Figure 110.

Figure 110. Green highlighter imaged with x-rays using: (a) OBI with enhanced contrast, (b)
Orthovoltage and Film with enhanced contrast. Trays images using: (c) a bolometer, (d) a
pyroelectric detector and (e) bolometer colour map.

Not all plastics are imaged as well as in Figure 110 by x-rays. Figure 111 shows a Tray image of an Australian $50 bank note outside and inside an envelope as in [186].
However x-rays at 50 and 75 kV are not able to discern any visible contrast to
distinguish the $50 note.
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Figure 111. T-ray image of part of $50 note using (a) a globar source and Golay detector and
(b) the same inside an envelope.

A comparison to summarize T-rays and x-ray image quality is outlined in Table 9.
Here a scale has been used for acutance (closely related to sharpness) as assessed by
the human eye. Where 1 is good and 5 is bad. Contrast values are calculated as in
(1). It should be noted that some T-ray images have been saved so as to have as high
contrast as possible (the 255 grayscale is scaled to the highest detector voltage used
in the image), whereas these x-ray images do not vary their scale to ensure the best
contrast. Values are of images in figures shown in this chapter, if images have
enhanced contrast, these images are still evaluated and displayed in Table 10.
.
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Table 10. Comparisons of x-ray and T-ray image quality.
Object

x-rays

Distinguishable

T-rays

 Metal
 Plastic

1
1

Contrast
(%)
OBI
Film
83
53
-

 Shape,
 RFID Chip,
Connections
Magnetic
Stripe
 Wrap
Water

1
1
1
5

41
69
36
0

78
87
60
0

5
4

0
63

-

Surface
RFID Chip
 Connections
Magnetic
Stripe
 Wrap
Water

 Heads
 Sticks
 Surfaces
Ridges
 Knife

Stem only

2
4
1
5
1
5

45
2
86
0
89
-

46
7
32
7

 Heads
 Sticks
Surfaces
Ridges
Knife


2
2
1
1
2
1

90
89
70
30
100
100

T-rays

Highlighter

Outline


1

64

72

Outline


1

100

-

$50 note
Paracetamol


Tablet in blister
pack

5
3

40

0
41

Corner
Tablet
Inside blister
pack

2
2

57
81

T-rays
-

1
1
3

-

71
71
15

1
2
4

76
76
65

-

1
1
1
1

-

67
92
61
22

 Shape,
 Edges
 Cadbury
writing
 Shape,
 Metal
 Shape,
 Connections

3
5
1
5

98
0
65
0

x-rays

Scissors in
envelope
Credit Card

Bubble-Wrap
Matches
Plastic knife in
cup
Hydrated Leaf

Cadbury
Chocolate Bar

USB
SD Card

 Shape,
 Edges
 Cadbury
writing
 Shape,
Metal
 Shape,
Connections

Acutance

Better
Image
Quality

-

Distinguishable

Acutance

Contrast
(%)

 Metal

3

99

x-rays

2
1
5
1

32
86
0
96

-

2
1

18
100

T-rays
-

x-rays

8.2.2.2 Resolution comparison
The spatial resolution of the T-rays is considerably lower than x-rays as expected.
This was also indicated by the pixel count for most images being around 53 by 47
pixels and 1023 by 767 (or 0.8 Megapixels) for T-rays and X-rays respectively. This
is because the instrumentation used for T-ray imaging available for these
experiments has a delay stages raster scanning technique which limits resolution to
the step sizes used and thus has lower resolution. In the Terahertz region image
spatial resolution is strongly dependent upon the wavelength (λ) as seen in the Abbe
criterion, unless sub-wavelength techniques are used, especially as the step sizes
used are always below the resolution limit. For example continuous wave spatial
resolution is mainly limited by the beam width at its wavelength, especially as all
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images taken were taken at step-sizes below this resolution limit. At higher
wavelengths the image resolution of Terahertz radiation is expected to be less, due to
the object detail being smaller than that of the wavelength. E.g. at Terahertz
frequency of 0.1 THz the wavelength is 3 mm. X-rays have a higher spatial
resolution due to their smaller wavelengths. To illustrate this point Cadbury
chocolate has been imaged using 0.1 THz and 0.3 THz as shown in Figure 112. In
Figure 112 part (a) only the thicker raised edges are detected using T-rays but in part
(b) at 0.3 the thinner raised Cadbury writing is also detected. At higher Terahertz
wavelengths the Cadbury writing should become extremely well resolved. X-rays
are only just able to detect the Cadbury writing however this is done at a much
higher resolution due to their smaller wavelength as in Figure 112 parts (c) and (d).

Figure 112. Cadbury chocolate bar imaged using: (a) transmittance scaled to 65% of 0.1 THz
on the two colour system, (b) transmittance of 0.3 THz using the two colour system, (c) 65 kV
X-rays (inverted), (d) 40 kV OBI (inverted).

T-ray resolution can be improved by using various techniques such as confocal
microscopy (where the spatial resolution limit reduces to λ/2

[190]) near field

imaging (resolution of λ/6 [15, 191]) and dark field imaging.
The limiting spatial resolution has been determined to be 0.22 mm-1 using a
broadband globar Terahertz source imaging a rudimentary wire grid. The bolometer
was used as a detector.
The X-ray spatial resolution is 1.25 mm-1 at MTF of 20% measured using the TOR
18FG Leeds test phantom for a 25×25cm2 field size (as used in the object images).
This method is outlined in [24], is used for x-ray MTF calculations here and should
be used in Terahertz calculations if possible. It hasn’t been used here for Terahertz
frequencies as the Terahertz radiation was able to resolve only 2 test patterns, and at
least three points are needed to fit a curve.
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As the frequencies of 0.5 THz and below couldn’t resolve the test pattern from this
phantom as shown in Figure 119 a broadband source was used to identify if it may
be resolved with Terahertz of the range 0-1 THz. Frequencies higher than 0.5 THz
should be able to resolve the test pattern however on the two colour system they
aren’t penetrating the phantom at all. Thus the TDS system was used to generate
Terahertz radiation with higher power at these larger frequencies. Unfortunately in
Transmission and Reflection the Leeds test phantoms line pairs were still unable to
be resolved.

The phantom materials of the test pattern are unknown; it is likely that the Terahertz
beam may not be able to penetrate this unknown material. Other possibilities include
the frequencies above 0.5 THz being absorbed by the phantom material especially at
this large thickness of 1cm, thus a TDS scan was taken of the phantom at; a
transmissive area, absorbing area and contrast circles, are as shown in Figure 113.

Figure 113. Time Domain Spectra of sections of phantom, with sections inset.
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The most transmissive part of the phantom’s absorbance, transmittance and
reflectance was then calculated as in Chapter 3. This is shown in Figure 114. The bar
patterns are expected to be made from this material.

Figure 114. Frequency dependent Absorbance, Reflectance and Transmittance of transmissive
part of the Leeds test phantom.

The absorption coefficient for the transmissive bar pattern material is shown in
Figure 115.
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Figure 115. Absorption coefficient of most penetrating section of the Leeds test phantom.

For a thickness of 1 cm, as for this phantom, its most transmitting parts are only
penetrating at frequencies that are in the range of (0-0.4) THz. A test pattern of
different materials from the leads test phantom is needed to more accurately find the
resolution of the Terahertz systems at higher frequencies. Thus sub-wavelength
imaging was performed as outlined in Figure 116.
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Figure 116. Schottky detected image of Leeds Test phantom resolution pattern. Top Right
shows 0.5 lp/mm pattern.

This was done at chopping frequency of 700 Hz, shaping time of 300 mS and step
size of 0.2 mm. Using this broadband TDS system a resolution of 0.56 lp/mm was
found as shown. Thus at frequencies less than 0.4 THz the sub-wavelength
resolution is 0.56 lp/mm using this TDS broadband source. This is an increase in
spatial resolution of approximately 56% from the expected 1 mm-1 for 0.3 THz using
normal techniques (where the wavelength is the main resolution limiting factor) as
outlined previously. The distinguishable line profiles are plotted in Figure 117 to
reiterate that these test patterns are resolvable. As only two patterns are shown the
MTF was not calculated as there were only two points, not enough for an accurate
fit.
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Figure 117. Line Profile of Imaged bar test patterns using sub-wavelength techniques.

In confocal microscopy (using a pinhole as performed here) the spatial resolution is
supposed to improve to λ/2 rather than previously being λ. Near field improvements
to λ/6 weren’t seen as the detector despite being within 1 mm of the sample (closer
than 1 wavelength) may not have been close enough to the actual grid inside the 1
cm thick sample. This was unavoidable.

Equation (8.2) calculates the MTF as outlined in [192-194]. Note the equation
reduces to a simpler form, as spatial frequencies 3ν, 5ν, 7ν and so on all equal or
exceed the cut off frequency used here.
(
Where

)

(8.2)

is the fundamental frequency of the bar pattern and is simple ν=1/2W

where W is both the width and separation of the bars. M(

is the modulation

contrast value of the bar pattern calculated from the averaged maximum pixels in the
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bar pattern Vmax and the lowest Vmin using Equation (8.1). Finally M0 is the object
modulation contrast value (found using the largest uniform section of the bar and
interspaced material). However for the Terahertz range this requires building
specialized equipment as in [24] that showed 0.5 THz and 1 THz to have limiting
spatial frequencies of 0.7 and 1.2 mm-1 respectively (where the MTF was 20%)
using TPI. Thus for a TPI system resolution as 1 THz should be comparable to a
25×25cm field size x-ray.

Figure 118. Xray test phantoms: (a) Line profiles of imaged bar pattern (inset) used to calculate
the image modulation contrast, (b) line profile used to calculate the object modulation contrast
and (c) the calculated MTF.

Recently Terahertz imaging technologies have been developed that are faster and
can provide higher resolution than raster scanning. A Flat-bed scanner is one such
example [178]. Terahertz imaging techniques are developing quickly [185], the
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application of these new techniques increase as sources and detectors become more
developed and affordable.

8.2.2.2 Contrast Sensitivity Comparison
The contrast sensitivity was measured for x-rays with a 25×25 cm2 field size and
was found to be 33.3 (with the 13th circle being distinguishable with a contrast of
3%) with settings of 65 kVp, 200 mA, 16 ms. This is shown in Figure 119(c). With a
1 mm Cu plate at settings 85 kVp, 25 mA, 4 sec the contrast of the 12 th disc is
2.33%, giving a contrast sensitivity of 43. Contrast differences between 2-4% are
expected with a dose rate of 0.3 μGys-1, [195]. This will vary with various kVp
waveforms so the same rates are usually used for quality assurance comparisons.

The T-ray contrast sensitivity using the same Leeds test phantom at 1 THz with a 1.5
mm step size was able to distinguish all 19 discs with a contrast of 40% (giving a
contrast sensitivity of 2.5). Five of these unable to be resolved with x-rays (discs 1519) are shown in Figure 119(a). A phantom more suited to T-ray contrast would be
able to push past this 2.5 limit. However this shows that the phantom’s material
imaged here can be better detected in this case by the T-rays. Discs 5-8 were also
imaged at 0.3 THz using 0.6 mm step sizes again on the two colour system (Golay
Cell). It was found that these discs have contrasts in the rage 30-40%. These do not
vary much or uniformly thus these discs have little difference in contrast using Trays (but rather the same contrast value), as shown in Figure 119(b).

Figure 119. The Leeds test phantom contrast images using (a) 0.1 THz using Golay Cell, (b) 0.3
THz using Golay Cell, (c) 65 kV x-rays, (d) 0.1 THz with Schottky detector, (e) 0.35 THz with
Schottky detector and (d) Leeds booklet outline.
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The Golay detector despite having increased scan times of 3 times longer than a
Schottky detected image and is more responsive to higher wavelengths. A phantom
made out of materials (perhaps different oil and water emulsions [196] or TX151 gel
[197]) that would give better contrast in the T-rays is needed to measure the contrast
sensitivity of these T-ray systems.

8.2.2.3 Other Terahertz imaging methods in Security, Drug testing and
Medical Imaging
Drug detection is another application of T-rays in security settings and quality
assurance. Paracetamol is not only visible in the T-ray region but its properties can
also be determined using THz-TDS. If the imaging system used was also phase
sensitive as outlined in [19, 21, 75, 135, 152, 174, 175] not only could an image be
formed but the substance identified. This has enormous applications when
considering security and drug testing. However the substance must be on the
database in order to identify it. Figure 120 shows Paracetamol images taken using xrays and T-rays. The THz-TDS system is able to image Paracetamol using
broadband T-rays but this hasn’t been shown here.

Figure 120. Paracetamols (a) transmission at 0.5 THz taken on the two colour system with the
Golay detector, (b) x-ray image within a blister pack using orthovoltage at 50 KV and detected
by film with contrast enhancement, (c) x-ray image using OBI at 50KV with contrast
enhancement, and (d) frequency dependent complex refractive index where the red dots are the
refractive index (left axis) and the blue squares correspond to the extinction coefficient (right
axis).

T-rays in transmission were unable to penetrate through the foil on the back of the
packaging (thus a single Paracetamol tablet is imaged without packaging in Figure
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120 part (a)). Tablets within packaging (blister packs) have been shown using
reflected time of flight T-ray imaging as in [179].

The optical properties can also be determined if using a THz-TDS set-up. This is
illustrated in Figure 120 part (d).The absorption features at 0.55, 0.75 and 0.99 THz
shown in the extinction coefficient in Figure 120 part (d) are due the water vapor in
the air. These are not due to the spectroscopic resonances of the Paracetamol.
However the Paracetamols refractive index may be used to characterise it or further
spectroscopic information may be gained by taking some granules by crushing the
Paracetamol tablet (this hasn’t been done here as the search is for easy use security
methods that don’t require opening the packet). If the THz-TDS system was used to
image, spectral information would be gathered from each point, and any variation in
thickness or material would be spotted.

THz-TDS has been used elsewhere to identify the characteristic spectra of
vibrational modes of both drugs and illicit drugs such as caffeine and 3acetylmorphine [198], in reflection geometry to detect explosives despite any
mixture materials, asses skin hydration levels [34] and detect healthy and cancerous
tissue [35]. In T-ray medical imaging there is a limit to applications to tissues near
the surface such as excised tissue and skin cancers due to T-rays short penetration
depth (especially in water). Higher penetration depths occur in adipose tissue and as
such breast cancers have been widely studied with Terahertz imaging to ascertain if
breast cancer detection is a viable Terahertz application [7, 36-39]. This is due to
breast tissues large adipose tissue content.

Other T-ray imaging have also been used to; monitor the film coating thickness and
drug layer uniformity on in vitro drug release [176] using TPI, assess burns/wounds
and skin depth using TPI [31], characterise different tissue types using reflection TPI
[58] and distinguish cancerous tissue using TPI [7, 38] and a T-ray generator [199].
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8.2.2.4 Quality assurance and Non-destructive Testing
Images of both Terahertz and X-rays have been taken of both a SSD card and USB.
This is shown in Figure 121 and Figure 122 respectively.

Figure 121. Toshiba USB device imaged using (a) 0.3 THz on the two colour system at 0.3 mm
steps, (b) 65 kV xrays on OBI, (c) 0.15 THz using 1 mm steps, and (d) panchromatic image of
0.15 THz transmission divided by 0.3 THz transmission at 1 mm steps.

The USB is clearly defined using x-rays due to their high resolution, and the large
contrast difference between plastics high atomic number and metals (as seen in
Figure 121 part (b)). Terahertz frequencies of 0.15 and 0.3 THz are unable to
distinguish the difference between materials being completely attenuated by both.
Figure 122 part (d) shows the ratio of 0.15 THz transmission to 0.3 THz
transmission, to see if this aids detection of various parts. However even this image
cannot separate metal from plastic in the USB. Similarly for a SD card, Figure 122
shows that x-rays are better at imaging the circuit than Terahertz of 0.5 THz
continuous wave (part a) and broadband THz (part b) radiation.
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Figure 122. SD card taken of: (a) transmission at 0.5 THz taken on the two colour system using
0.4mm steps with the Golay cell, (b) broadband Terahertz on TDS with Golay cell, (c) 65 kV xrays taken using OBI, and (d) 65 kV x-rays on OBI with enhanced equalized contrast.

Terahertz frequencies should be able to see some of the chips detail as in Figure 108
where the credit cards features are distinguished. A higher frequency CW source
with higher power may be able to distinguish the features of the SD card. Different
x-ray energies were tested and the best one to distinguish the SD card used, this is
harder to do with Terahertz imaging as image acquisition takes much longer. Both
electronic devices worked after testing from both Terahertz and x-rays.

8.2.2 Conclusion:
Both T-rays and x-rays have proven proficient for security screening as both
modalities can image metal scissors through a thick paper envelope as well as a
plastic knife through a plastic cup. The T-ray images shown in this chapter have
worse resolution (0.22 mm-1 for broadband sources) and 0.56 mm-1 using confocal
imaging compared to x-ray images taken by OBI (1.25 mm-1) and orthovoltage
machines. This is not the case for all current T-ray imaging systems and the field is
still in its infancy compared to x-rays. It has been shown that T-rays are better at
imaging materials with lower atomic numbers and provide excellent contrast with
hydrated materials than x-rays as expected. X-rays are more proficient at imaging
higher atomic number and dense objects such as metal, bone, thick plastic and
circuits. The mechanisms that provide contrast for T-rays and x-rays are very
different. T-rays are able to image soft surfaces such as: Australian $50 notes,
bubble wrap, leaves and the leaves hydration level, whilst x-rays cannot.
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Both have bright futures and applications in medicine, security and material quality
assurance. T-rays may be better equipped in future to deal with soft biological
tissues such as wounds, skin burns, cancers, blood, and other soft tissues e.g. lung.
Whilst it is obvious that T-rays will never rival x-rays in their current medical uses
such as bone imaging as these structures are too deep and the contrast is much better
using x-rays for high atomic number (Z) materials. Terahertz systems able to
achieve phase information to garner information about the sample composition as
well as an image have large potential. X-rays cannot achieve this bio-affinity sensing
to identify materials but relies upon density. Thus substances such as illegal drugs
may go undetected using only x-rays and the future will most likely include a hybrid
of both techniques for security screening. T-rays are also promising in nondestructive testing for quality assurance of drugs and other structures. As T-rays are
non-ionising they have huge potential to be implemented in human screening
applications.
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9. TERAHERTZ RADIATION IN MEDICAL PHYSICS
DOSIMETRY
Radiation dosimetry is the measurement and calculation of the absorbed dose in
matter resulting from the exposure to indirect and direct ionising radiation. Absorbed
dose is the amount of energy deposited as a result of the ionization process [195] of
SI units Gray. 1 Gray is equal to 1 Joule per kilogram [195]. Different absorbing
materials of varying atomic numbers will have different absorbed doses. Absorbed
dose enhancement due to the photoelectric effect in bone at low energies is of
particular importance [187].

The absorbed dose is of vital importance as the dose delivered during radiotherapy
treatments to patients must be known and correct. Doses are measured to ensure the
radiation risk as low as possible whilst still eradicating the tumors. Medical
physicists ensure the Linear accelerators used to treat patients with radiation are
calibrated to output the desired dose. This is performed through the use of
dosimeters that check the absorbed dose is the same as the dose prescribed within a
small margin of error. This is performed using ion chambers (the gold standard),
Thermoluminescent

Dosimeters

(TLDs),

semiconductor

detectors

such as

MOSFETs, photographic film and dosimetric gels. The dosimeters may be placed in
water or solid water to calculate the dose that a patient would receive (as solid water
and water simulate the material of a human). The skin dose may be verified using
Gafchromic film or MOSkins. This is of note as patient skin may become burned
with too much dose to the skin.

Terahertz radiation may be used to help read-out dosimetric gels and hence make
them more accurate. Another potential for Terahertz radiation may be to observe
extent of the damage to human skin as currently doctors assess this visually. Thus a
study into Gafchromic film is performed to observe if Terahertz frequencies can
assess the amount of radiation deposited. Dosimetric gels have also been
investigated using THz-TDS to determine whether Terahertz radiation may read out
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these dosimeters with less scattering and artifacts than current methods. Solid Water
is also investigated to determine its properties in this range. An introduction into
Dosimetric gel and EBT2 Gafchromic film has been shown previously in Chapter 2.

9.1.2 Results of EBT2 Gafchromic Film
9.1.2.1 Are there any spectroscopic resonances giving information on the
composition of EBT2 Gafchromic film?
There are no specific spectroscopic resonances that occur between 0.1-1.6 THz for
Gafchromic EBT2 film (see Figure 123).

Figure 123. The power spectra of Gafchromic EBT2 films (0-350 cGy).

The absorption features in Figure 123 are spectral water absorption lines which
occur due to the presence of water vapor in the air and not the film. Furthermore,
there is nothing unusual about the phase spectra of any of the films at various
radiation dosages. This may be seen in Figure 124. The Fourier transform has been
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taken over the whole time domain spectra for Figure 123 and Figure 124. The time
domain hasn’t been restricted before any multiple reflections to show more detailed
spectra.

Figure 124. The phase spectra of Gafchromic EBT2 films (0-350 cGy).

9.1.2.3 Is it possible for THz-TDS to distinguish the radiation dose of the
films?
THz-TDS is unable to determine any differences between irradiated films from 0 to
350 cGy. No change was detected in any material parameters with different
irradiated film. This is displayed in Figure 125 and Figure 126 which shows the
refractive index and absorption coefficient at different radiation levels. The optical
properties are calculated for the whole film and not individual stacked layers.
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Figure 125. Frequency dependent absorption coefficient for varying dosages (at intervals of 50
cGy).

The absorption coefficient (Figure 125) and refractive indices (Figure 126) are in
general falling within the error bars (one standard deviation displayed). There is no
significant increase with absorption or any trend. To illustrate this, intervals of 50
cGy have been used to improve the clarity of the graph.
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Figure 126. Frequency dependent refractive indices cut-off before the Fabry-Perot oscillations.

Figure 125 and Figure 126 have been determined by windowing the time domain
spectra before there are any multiple reflections. This removes the Fabry-Perot (FP)
oscillations. This however, also decreases the frequency range. Therefore, Figure
127 and Figure 128 have been plotted out to 1.6 THz with FP effects, by taking the
Fourier transform over the whole time domain spectra.

The refractive indices of all films without FP oscillations are between 1.75-1.84 for
the frequency range (0.2-1) THz. The refractive indices of all films with FP
oscillations are all close within experimental error and are between 1.68-1.85 in the
frequency range of (0.2-1.6) THz.
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Figure 127. Refractive indices of films at carrying doses with FP oscillations.

Figure 128. Frequency dependent extinction coefficients with FP oscillations.
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THz-TDS at this frequency range (0.2 to 1.6 THz) is unable to read-out the radiation
dose of the films. Lines observed in the extinction coefficient are from known water
vapor lines from the air. By fitting a line to the extinction coefficient at 300 cGy,
holding the gradient at 0, the extinction coefficient was found to be 0.051 ± 0.002.

9.1.2.4 Is birefringence or any changes from film orientation observable at
THz frequencies?
No change was seen in the Terahertz properties of the films’ for different
orientations.

Figure 129. Frequency dependent refractive indices at various film orientations, without FP
oscillations.

It can be seen in Figure 129 that the refractive indices are all similar. The vertical
seem to have a slightly higher refractive index than the horizontal ones. The
absorption coefficients are in agreement within experimental error despite
orientation, as in Figure 130. The molecular alignment of the film in one direction,
202

which affects visible light like a polarizer, has no observable effect at 0.2-1 THz.
This is due to Terahertz radiation having much larger wavelengths than visible light
and hence is not impacted by the molecular spacing.

Figure 130. Frequency dependent absorption coefficient for differing film orientation, without
FP oscillations.

9.1.2.4 Impact of Terahertz radiation on the films
Flatbed scans were taken of the films, with and without, having been exposed to
Terahertz radiation. The images were analysed using Image J and the results are
diagrammatically represented in Figure 131.
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Figure 131. Calibration curve comparison. The calibration curve of film strips unexposed to
Terahertz radiation in the scanner at the same time with those exposed (light green square with
dark green polynomial fit) is in agreement with the 2 fits of those exposed to Terahertz
radiation (yellow and blue curves). Scans taken 48 hours after (labeled “Before”) without being
exposed to Terahertz radiation show largest variance to those taken 1 month after.

As seen in Figure 131, the calibration curve of Gafchromic EBT2 films remained
consistent (within experimental error) regardless of Terahertz exposure. Therefore,
exposure to Terahertz radiation has no measurable impact on the films. The error
between measurements can be seen in the three identical measurements performed
before exposure. The variation between exposed and unexposed films was between 400 to 1100 pixels, as seen in Figure 132.
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Figure 132. Difference between intensity of the films without and with Terahertz frequency
radiation. These statistical fluctuations illustrate that Terahertz radiation has no measurable
effect on film.

To get an idea of the statistical errors associated with this experiment a graph is
displayed below in Figure 133, showing the effect of time (1 month) and the
difference between two identical films irradiated and measured at the same time.
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Figure 133. The effects of Terahertz radiation and time on film intensity. The difference in film
intensities is plotted against dose (film 1 [R1] minus film 2 [R2]). The purple diamonds
represent the difference in films unexposed to Terahertz radiation and exposed for 10 minutes.
The pink squares illustrate the difference in films unexposed and exposed for times longer than
10 minutes. The yellow circles demonstrate the difference between those unexposed to
Terahertz radiation and those unexposed to Terahertz radiation 1 month later (also after 12
scans). The blue triangles show the difference in the one film strip unexposed and another film
strip unexposed to Terahertz radiation and scanned at the same time (48 h after radiation
dose).

It can be seen that there are large variations and drops in intensity difference, from
simply repeating the measurement after 1 month. Exposing the Gafchromic EBT2
films’ to Terahertz radiation has no measurable effect, as the difference between
exposed and unexposed to Terahertz radiation is within the error margin of the two
identical films that were unexposed. And well within the error associated with taking
measurements after 1 month. This is plausible and expected because Gafchromic
EBT2 film is more sensitive to radiation with higher energies than Terahertz.
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9.1.3 Summary of EBT2 Gafchromic film investigated using Terahertz
radiation
THz-TDS cannot be used as a method to distinguish the radiation doses of the film.
Hence it cannot be used to read-out film. THz-TDS also showed no spectroscopic
resonances. As expected, no changes in any properties of the films were seen with
varying film orientation. Gafchromic EBT2 film has a refractive index between
1.68-1.85 in the frequency range (0.2-1.6) THz. The absorption coefficient increases
from 4.5 ± 2.5 cm−1 to 18.5 ± 2.5 cm−1 from 0.2 to 1 THz. The extinction
coefficient is linear with a value of 0.051 ± 0.002, over the range of 0.2 THz to 1.6
THz.

Exposure to Terahertz radiation from THz-TDS over a time of 10 to 30 minutes has
no measureable impact on the Gafchromic ETB2 film. This means Terahertz
radiation may be used in dual x-ray/THz systems. It was suggested that Terahertz
radiation may be a better applicant to read-out doses on dosimetric gels and skin
tissue using THz-TDS, as Gel is more likely to have spectroscopic resonances in the
Terahertz range due to the free radicals in its composition.

9.2 Dosimetric PAG Gel
Dosimetric gels are frequently used in dosimetry. There are many types of gels such
as PAGAT (polymer gels), PRESAGE ( made of polyurethane, which is suitable for
3D dosimetry in modern radiation treatment techniques [112]), and Genipin gel.
PAGAT polymer gels may be read out using x-ray CT scans after complex
radiotherapy treatments [113] . PAGAT is also used dosimetry after IMRT [114],
stereotactic radiotherapy [115] and internal radionuclide dosimetry [116].
Dosimetric gels may be read-out using MRI [117], Optical CT [118, 119] and X-ray
CT. PAGAT has shown to scatter light during optical CT read-out. Terahertz
radiation should scatter less due to its wavelength being larger than the scattering
particles and thus may be a technique which can read-out these PAGAT gels
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precisely. First Terahertz spectroscopy should be performed to determine if
Terahertz radiation can distinguish the difference gel radiation dose.

9.2.1 Method for obtaining PAGAT samples suitable for THz-TDS
Here we used exposed polymer gels (PAGAT). There are problems with current
methods of readout, as when optically scanning the polymer gels the light is
scattered by the gel which produces artifacts. We expect the Terahertz signal to
scatter less and hence produce less artifacts and hence more accurate dose readings.
The Terahertz wavelength should be larger than the size of the scattering particles
and the scattering should thus be less severe.

Existing exposed polymer was used with exposure at 350 Gy and 0 Gy. This
exposed and unexposed was used to verify whether Terahertz radiation can be used
as a readout technique, similarly to section 4.1.1. Thin samples of the gel were
needed to use in a THz-TDS system. Aliquots of polymer gel were taken from
different parts of the dosimeter and melted and put into holders of 4 mm and 0.5 mm
thickness. The melting method has no effect on the Gel properties. This was done in
separate lots of 0 Gy and 350 Gy to avoid cross contamination. The Gels were
carefully heated using a magnetic stirrer hot plate to 92°C and 95°C for 0 Gy and
350 Gy respectively. These were then placed into a 4 mm polystyrene cuvette and a
0.5 mm Quartz holder and allowed to cool. The two polymer gels were then
refrigerated to -4°C. Most of these were able to cool without crystallizing. The
melting of the polymer gels is summarized in Figure 134.

208

Figure 134. Method for extracting and heating polymer gel (a) extraction, (b) heating, (c)
topological view of heating, and (d) frontal view of heating.

The two thicknesses of the holders were prepared as the absorption of the gel to
Terahertz radiation was unknown. Once the gel was heated it was poured into a 0.5
mm path length quartz cell and 2 mm polystyrene cuvette. Slow cooling ensured no
cloudiness occurred.

9.2.1 Results of PAGAT dosimeters
9.2.1.1 Determining the optical properties of polymer gels using THz-TDS:
The best method was found to be that of the 0.5 mm sample. As the 2 mm sample
was almost completely absorbing. The peak height of 0.5 mm sample is also small as
shown in Figure 135.
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Figure 135. Time domain spectroscopy of empty Quartz reference cell and PAGAT samples in
holder.

9.2.1.2 Is there any difference in the crystallized and clear samples?
Crystallized and normal clear 0 Gy gels were imaged. It was found that there was no
change in any of the properties.

9.2.1.3 Can Terahertz radiation distinguish the radiation dose of polymer
gels?
Both the 2 mm path length container and 0.5 mm holders were placed in THz-TDS
in the sample position in transmission, as outlined in section 3.1.4.2. The 2 mm
sample was far less transmissive than the 0.5 mm sample. For this reason the results
related here are of the 0.5 mm sample. However the 2 mm sample measurement was
used to calculate the correct phase of the refractive index as outlined in section 3.2.2.
The 0.5 mm path length results are displayed in Figure 136 and Figure 137.
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Figure 136. Frequency dependent refractive index comparison of 0 GY, 5 GY and water.

Figure 137. Frequency dependent absorption coefficient comparison of 0 GY, 5 GY and water.
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Both the 0 Gy and 5 Gy polymer gels have the same properties within the range of
0.1-1.5 THz. This is outlined using the refractive index and absorption coefficient.
These properties are also the same as water. Figure 136 and Figure 137 show this
agreement. The only difference being that for pure water, the absorption coefficient
is slightly higher (with the same spectra). This is likely due to most of there being
less water content in the gels, as the gels are made up of some other parts, unlike in
pure water.

9.2.1.4 Two colour measurement of 0.5mm PAGAT:
The two colour system directly measures the intensity after the sample as at each
frequency as outlined in section 3.4. The transmission was measured with and
without the sample in place and the ratio taken. Here step sizes of 0.002 THz were
used.

Figure 138. Transmittance as a function of frequency using the two colour system, with FP
oscillations.
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The oscillations evident in Figure 138 are clearly from Fabry-Perot (FP) oscillations.
This was also evidenced when windowing hasn’t been performed in the TDS
spectrum before the first FP oscillation. Figure 139 shows the absorption coefficient
using both the TDS transmission measurement and the two colour data. The formula
used to calculate the absorption coefficient for the two colour system is a basic BeerLambert law

(

). Where

is the thickness of the path length of

the Terahertz radiation travelling through the sample in cm,
dependent intensity after the sample and

is the frequency

is the frequency dependent

intensity in free space.

Figure 139. Frequency dependent absorption coefficient comparing systems with FP
oscillations.

The Fabry-Perot oscillations are at the same place in both systems. Variations
between the 0 and 5 Gy in the two colour data may be due to slight variations in
thickness, temperature and consistency. This is because the polymer gels had to be
melted a second time to perform the two colour measurements which also take
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longer scan time, meaning greater variation in temperature and consistency. Values
between systems should also correspond however the power of the two colour
system drops off at higher frequencies and may be hitting the noise floor earlier.

9.2.1 Analysis of PAGAT with Terahertz radiation
Terahertz radiation cannot be used to readout the radiation dose from PAGAT
(polymer gels). Both 0 Gy and 5 Gy gels refractive index and absorption coefficient
agree within experimental error. The only spectroscopic information the optical
properties of both 0 Gy and 5 Gy gels yield is that of water.

9.3 Solid Water Phantoms
Solid water phantoms are used in extensively in radiotherapy quality assurance tests.
Solid water imitates the human bodies’ structure by having the same atomic number
(Z) as the human body. The chemical composition is carefully calculated to include;
Hydrogen (8.1%), Carbon (67.2%), Nitrogen (2.4%), Oxygen (19.9%), Chloride
(0.1%) and Calcium (2.3%) [200], with the right amount of parts to achieve the same
stopping power as water. Solid water has an electron density of (0.562 ± 0.003) e /cm3 [200]. The Terahertz properties of 3 mm of solid water are outlined in Figure
140.
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Figure 140. The frequency dependent absorption, reflectance and transmittance of 3 mm thick
solid water.

The optical properties are given in Figure 141.

Figure 141. Dielectric function of Solid water: The solid blue line and broken red line
represents the refractive index and extinction coefficient respectively.
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As shown by the extinction coefficient the absorption of Terahertz radiation in the
solid water phantom is linear. At 1 THz half the intensity of the beam is stopped by
0.5 mm (the half value layer) of solid water, as shown by Figure 141. At 1 THz the
average range is calculated to be:

0.7 mm.

Figure 142. The frequency dependent absorption coefficient of Solid water.

This is not similar to water in the Terahertz range. Water has a different refractive
index to the solid water. Water also has an absorption coefficient of approximately
240 cm-1 at 1 THz and thus a half value layer of 0.03 mm. Thus solid water cannot
be used as a phantom for human tissue or as a water substitute in the Terahertz
region as you would expect. Terahertz radiation is sensitive to the molecular
rotations and vibrations of atomic bonds whereas 6 MV photons and 6 MeV x-rays
are primarily stopped by high atomic numbers. As different mechanisms stop both
frequencies it makes sense that solid water cannot be used as a phantom for tissue in
the Terahertz region. No spectroscopic information on the make-up of solid water
was gained. This is because solid water is primarily Carbon which is known to have
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no resonances in this range [64, 137]. There is potential for a Terahertz phantom to
be developed to imitate tissue and some of this work has begun as outlined in [82,
196, 197].
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10. SUMMARY
Various applications of Terahertz radiation have been explored using Time Domain
Spectroscopy and Terahertz Imaging as key tools. Terahertz Time domain
Spectroscopy, described in Chapter 3, has been utilized in Transmission (for both
thick and thin samples) and in Reflection. Terahertz time domain spectroscopy has
shown that

Terahertz radiation has a place in many exciting fields including;

environmental conservation and produce, medical physics, material characterisation
(including Metamaterials and Liquid Crystals), and device development. Imaging
experiments have illustrated Terahertz radiations potential in both medical imaging
and security screening. There is a broad scope for the potential applications of
Terahertz radiation and not all could be mentioned in this thesis, thus a few
applications were investigated. Other possible applications for Terahertz radiation
(not investigated here) include; cancer detection for basal cell carcinomas, in vivo
tumor definition surgery probes, early detection of teeth carries, protein
spectroscopy, endoscopes, drug and explosive detection, and security screening, to
name a few. This is an ever developing area of research and only time will show all
of the possible Terahertz radiation applications.

In Chapter 4 the methods already outlined in Chapter 3 for Terahertz Time Domain
Spectroscopy were further improved using various techniques such as correcting the
absorption coefficient for scatter, determining the correct phase for the refractive
index, error analysis, decreasing noise, determining the reliable range for
measurements, stacked layer conductivity determination, conductivity modeling and
optimizing the measured data.

Materials need to be characterized before their uses are known and devices optimally
developed. Chapter 5 uses the methods developed in previous chapters to explore
Liquid Crystals. The Liquid Crystals E7 and K15 had their optical properties
characterized in transmission. E7 has a constant linear birefringence of nE 7 
0.144±0.004 and K15 of n K 15  0.103±0.004 in the range (0.15-1.00) THz. These
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were found to agree with other results published in more recent literature. The
birefringence does not increase with increasing frequency in this frequency range.

Similarly Metamaterials produced from the novel method of Fiber Drawing were
characterized in Chapter 6. These materials exhibit a scalable magnetic resonance
between 0.1-0.4 THz and have been shown to be able to have a negative refractive
index. Layered metamaterials were shown to have an increasing resonance with the
number of layers used. Bragg peaks are instrumental in design of such layered
samples and care must be taken to ensure the resonance does not overlap any Bragg
effects. Metamaterials may be used in future to develop Terahertz instrumentation
such as cloaks, waveguides and lenses.

Terahertz radiation has been shown to have a possible role in climate change and
crop fertility. THz-TDS was used to characterize Biochar in Chapter 7. Different
Biochars exhibited different responses; hence Terahertz radiation can distinguish
different types of Biochars. Their main constituents were also measured and may be
quantitatively found in future. Different treatment types such as chemical or heating
doesn’t affect the Terahertz signature. As Biochar is an inexpensive (compared to
NMR) technique that may distinguish various types of Biochars from each other
possibly enabling quick analysis in the field.

The imaging capabilities of various Terahertz systems were illustrated in Chapter 8.
An X-ray Leeds test phantom was used to measure the resolution of Terahertz
radiation in comparison to X-ray capabilities. Most systems were unable to image
the high resolution test pattern. When sub-wavelength techniques were
implemented, such as confocal imaging, the test pattern was able to be resolved. The
broadband source was able to image 0.56 lp/mm. X-rays on an OBI have a
resolution of 1.25 lp/mm. The Leeds test phantom may be used as a spatial
resolution test pattern in the Terahertz as well as in the EM region of X-rays.
However the test phantom has the same contrast sensitivity for all of the contrast
circles, hence a different phantom needs to be built for this QA check in the
219

Terahertz. In this chapter various images demonstrated Terahertz radiations ability
to image biological samples and water absorption in leaves, hidden chips in credit
cards (for material QA and security purposes), and low atomic numbered materials
extremely well. These images were compared directly to X-ray images. X-rays are
more proficient at imaging higher density and high atomic number objects such as
metal, bone, thick plastic and circuits. The mechanisms that provide contrast for Trays and x-rays are very different. T-rays are able to image soft surfaces such as:
Australian notes, bubble wrap, leaves and the leaves hydration level, whilst x-rays
cannot. Both have bright futures and applications in medicine, security and material.

Finally, whether Terahertz radiation has a place in medical physics radiation
dosimetry was investigated. This was performed using two dosimeters, EBT2
Gafchromic Film and Polymer Gels. Terahertz spectroscopy was performed on both
EBT2 Gafchromic Film and Polymer Gel. This was done to investigate the make-up
of the samples, determined whether the radiation dose could be determined and
hence to see if Terahertz radiation could improve these dosimeters read-outs. The
Polymer gel simply gave a signature expected for water for both the exposed and
unexposed samples. Similarly the EBT2 Gafchromic film had Terahertz material
properties exactly the same no matter the exposure level. The EBT2 Gafchromic
film was not affected by the Terahertz radiation.

This thesis has consisted of a series of experiments that have improved the
instrumentation, capabilities, performance and analysis techniques of the UOW
Terahertz systems. The systems were then used to gain further knowledge about
sample characteristics. From these characteristics new devices may be developed
and implemented, screening of Biochar has been found to be plausible and imaging
found to have advantages for soft biological tissues. Terahertz spatial resolution was
compared directly with x-rays using the same Leeds test phantom. Terahertz
radiation was examined as a potential dosimeter readout device for EBT2
Gafchromic film and radiosensitive Gel with the outcome of this being negative.
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APPENDIX A – THz-TDS ANALYSIS PROCEDURES
This is an additional summary (with more detail than given in the thesis text) of the
main procedural code used in this thesis to analyse thick and this samples in
transmission, samples in reflection using a mirror or a reference holder, the Drude
model. The procedure for analysing samples in transmission using thick samples
may be found in appendix (A-1) and thin samples (A-2). The reflectance outlined in
(A-3) and the conductivity explanation (A-4). These procedural codes for IGOR pro
may be obtained with permission by contacting emp993@uowmail.edu.au. The
summary has been included here to reduce unnecessary thesis bulk and provide a
clearer overview of the steps developed and used. All summaries assume appropriate
pre-processing of the THz-TDS spectra has already been performed.
THICK SAMPLES IN TRANSMISSION ANALYSIS

(A-1)

Thick samples may be analysed by windowing in the time domain as outlined in
section 4.1.1.1. Figure 143 presents a summary of the steps used in analysis.

Figure 143. Summary of thick sample transmission analysis procedural steps as used in IGOR
code.
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THIN SAMPLES IN TRANSMISSION ANALYSIS

(A-2)

Thin samples may be analysed by taking a long scan in the time domain as outlined
in section 5.1.1 and accounting numerically for the Fabry Perot (FP) effects present
in the sample time domain signal. Figure 144 presents a summary of the steps used
in the analysis as performed in IGOR pro.

Figure 144. Summary of thin sample transmission analysis procedural steps as used in IGOR
code, accounting for Fabry-Perot (FP) effects.
SAMPLES IN REFLECTION USING A REFERENCE MIRROR ANALYSIS

(A-3)
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Samples may be analysed in reflection using a highly reflective (assumed to be 100
% reflecting) mirror as a reference. This is outlined in section 4.3.2.1. Figure 145
presents a summary of the steps used in the analysis as performed in IGOR pro.

Figure 145. Summary of reflectance analysis procedural steps as used in IGOR code, when
using a mirror as a reference.

SAMPLES IN REFLECTION USING A REFERENCE HOLDER ANALYSIS

(A-4)

Samples may be analyzed in reflection using a Quartz holder. The holder must be
scanned with various backings of air, water and the sample. This is outlined in
section 4.3.2.2.
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Figure 146. Summary of reflectance analysis procedural steps as used in IGOR code, when
using a Quartz holder as a reference.

To produce the Baseline correction theoretical values of water, quartz and air must
be known. Those used were found from transmission results. These are shown in
Figure 147 and Figure 148.
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Figure 147. Frequency dependent absorption coefficient for baseline calculations.

Figure 148. Frequency dependent refractive index for baseline calculations.
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